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Summary 
English Summary 
Temperatures in the Arctic have increased rapidly in recent years resulting in the melting of sea 
ice and glaciers at unprecedented rates. In 2012, sea ice extent across the Arctic reached a 
record minimum and the melt extent of Greenland Ice Sheet reached a record maximum. The 
accelerated mass loss of the Greenland Ice Sheet has resulted in increased meltwater input to 
Greenland’s fjords and coastal waters. While the impact of changes in sea ice cover on the 
marine ecosystem has been well documented, the effect of meltwater runoff on Greenland’s 
ecosystems remained largely unstudied. By linking the complex physical oceanography to 
biogeochemistry in Greenland fjords, this thesis aimed to increase our understanding of the 
annual carbon dynamics in high latitude fjord systems and specifically identify the impact of 
melting of the Ice Sheet on Greenland’s fjord ecosystems. 
 
In Chapter 2, the environmental factors that control the timing and intensity of the spring bloom 
in Godthåbsfjord are described. In high-latitude fjord ecosystems, the spring bloom generates a 
major part of the annual primary production and thus provides a crucial energy supply to the 
marine food web. A combination of out-fjord winds and dense coastal inflows drive an upwelling 
in the inner part of Godthåbsfjord during spring (April-May), which supplies nutrient-rich water to 
the surface layer that is subsequently transported downstream. The upwelling results in strong 
biogeochemical gradient in fjord with absence of blooming close to the tidewater glaciers where 
the upwelling occurs but the development of an intense and prolonged spring bloom in the 
central region of the fjord from mid-March to May. Weakening of the upwelling and changes in 
the dominant wind direction in late May, reversed the surface water transport, so that warmer 
water was transported towards the inner outlet glacier terminus, and a bloom was now observed 
close to the glacier. Our results suggest that the timing, intensity and location of the spring 
bloom in Godthåbsfjord are controlled by a combination of upwelling strength and wind forcing. 
These physical processes hence play together with sea ice cover a crucial role in structuring 
food web dynamics of the fjord ecosystem.  
 
During summer, the Greenland Ice Sheet releases large amounts of freshwater, which strongly 
influences the physical and chemical properties of the adjacent fjord systems and continental 
shelves (Chapter 3 and 4). Freshwater runoff itself influences circulation patterns and 
stratification in Greenland fjords. Observations from different meltwater rivers around Greenland 
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show that the meltwater is not an important source of inorganic nitrate and phosphate, and the 
direct surface input of meltwater will consequently not stimulate primary production within the 
fjords (Chapter 3). However the input of glacial meltwater does strongly impact the fjord 
circulation and consequently the marine ecosystem productivity although this is very differently 
regulated in fjords with either land-terminating or marine-terminating glaciers (Chapter 4). Rising 
subsurface meltwater plumes originating from marine-terminating glaciers entrain large volumes 
of deep water, and the resulting nutrient upwelling sustains high phytoplankton productivity in 
the inner fjord throughout summer. In contrast, fjords with land-terminating glaciers lack this 
upwelling mechanism, and hence, are characterized by substantially lower productivity. Data on 
commercial halibut landings confirms that coastal regions under the influence of large marine-
terminating glaciers are hotspots of marine productivity. As the shrinking of the Greenland Ice 
Sheet will induce a switch from marine-terminating to land-terminating glaciers, our results 
suggest that ongoing climate change can drastically alter the productivity in the coastal zone 
around Greenland with large socio-economic implications. Furthermore Chapter 3 shows that 
glacial meltwater leads to high input of dissolved silica as glacial activity stimulates rock 
weathering. Up-scaled to the entire Greenland Ice Sheet, the export of dissolved silica to 
adjacent coastal areas equals 22 ± 10 Gmol Si yr-1, and this value could increase 160% by the 
year 2100 following projections of accelerated mass loss from the Greenland Ice Sheet. This 
increased silica export may substantially affect phytoplankton communities as silica is an 
essential element for diatoms. When this silica-rich meltwater mixes with upwelled deep water, 
we also observed that growth of diatoms is stimulated relative to other phytoplankton groups, 
thus providing a high quality food source for higher trophic levels.  
 
In Chapter 5, the impact of meltwater on the carbonate dynamics of these productive coastal 
systems is quantified. Our data reveal that the surface layer of the entire fjord and adjacent 
continental shelf are undersaturated in CO2 throughout the year. This results in an average 
annual CO2 uptake of 65 g C m
−2 yr−1, indicating that the fjord system is a strong sink for CO2 
compared to other coastal areas. The largest CO2 uptake occurs in the inner fjord near to the 
Greenland Ice Sheet and high glacial meltwater input correlates strongly with low pCO2 values. 
Model simulation of the impact of meltwater on the carbonate system revealed that around a 
quarter of the CO2 uptake can be attributed to the non-conservative behavior of pCO2 during the 
mixing of fresh water and saline fjord water. This result in a CO2 uptake of 1.8 mg C per kg of 
glacial ice melted implying that glacial meltwater is a driver for CO2 uptake in Greenland fjords. 
Summary 
 
5 
 
The largest part of the high CO2 sink is however due to the strong biological activity both during 
spring and summer. 
 
The fate of this organic matter determines the carbon sink in the fjord system in the end. The 
POC export from the photic zone followed the seasonality of the primary production both in 
Kobbefjord and Godthåbsfjord (Chapter 6 and 7). But the strong seasonality in pelagic 
productivity was not reflected in the sediment biogeochemistry, showing only moderate 
variation. The largest fraction of the sedimented organic material is buried in the sediment while 
~ 38 % is mineralized in the sediment, mainly through sulfate reduction (69% of the benthic 
mineralization). Both studies highlight a discrepancy between POC flux and primary production, 
with higher export of carbon compared to local production.  
 
My findings demonstrate that glaciers have a fundamental impact on hydrographic circulation 
and consequently on biogeochemical cycling in Greenland’s fjords.   
Summary 
 
6 
 
Dutch summary 
De temperaturen in het Noordpoolgebied zijn de afgelopen jaren sterk toegenomen, waardoor 
het zee-ijs en gletsjers nu afsmelten aan ongekende snelheden. In 2012 bereikte de 
oppervlakte van zee-ijs over het Noordpoolgebied een minimale recordwaarde, terwijl de ijskap 
van Groenland voor het eerst bijna volledig aan het smelten was. Dit versneld afsmelten van de 
Groenlandse ijskap resulteert in een sterke toename van smeltwater naar de Groenlandse 
fjorden. Terwijl de impact van het verdwijnen van het zee-ijs op het mariene ecosysteem goed 
gedocumenteerd is, is het effect van smeltwater op de Groenlandse ecosystemen grotendeels 
onbekend. In dit proefschrift wordt getracht dit kennishiaat op te lossen door het bestuderen van 
de seizoenale koolstof dynamiek in deze fjorden. Daarbij wordt er vooral aandacht besteed aan 
de beschrijving van de impact van het smelten van de ijskap. 
 
In hoofdstuk 2 worden de factoren beschreven die de timing en de intensiteit van de 
voorjaarsbloei in Godthåbsfjord controleren. De voorjaars fytoplankton bloei zorgt voor een 
groot deel van de jaarlijkse primaire productie in noordelijke gebieden en speelt bijgevolg een 
cruciale rol voor het mariene voedselweb. In het voorjaar (april-mei) zorgt een combinatie van 
een sterke wind van de ijskap richting de zee en een densiteit gedreven stroming in de fjord 
voor opwelling van nutriëntenrijk water in het binnenste deel van Godthåbsfjord. Na opwelling, 
wordt deze watermassa langzaam stroomafwaarts getransporteerd. De opwelling resulteert in 
een sterke biogeochemische gradiënt in het fjordsysteem, met de afwezigheid van bloei dichtbij 
de gletsjers waar de opwelling optreedt, maar de ontwikkeling van een intensieve en langdurige 
fytoplankton bloei in het centrale regio van de fjord van half maart tot mei. Rond eind mei, 
verzwakt de opwelling en treden er ook veranderingen in de overheersende windrichting op. 
Daardoor draait de richting van de oppervlakte stroming in de fjord van stroomafwaarts naar 
stroomopwaarts, zodat warm water naar de gletsjer terminus vloeit. Deze resultaten suggereren 
dat de timing, de intensiteit en de plaats van de voorjaarsbloei in Godthåbsfjord gestuurd wordt 
door een combinatie van opwelling en wind. Deze fysische processen spelen dus samen met 
zee-ijs een cruciale rol in het structureren van het voedselweb in het fjord ecosysteem. 
 
Tijdens de zomer komen grote hoeveelheden smeltwater van de Groenlandse ijskap in de fjord 
terecht. Dit beïnvloedt sterk de fysische en chemische eigenschappen van het fjord systeem en 
leidt tot veranderingen in het circulatiepatroon en sterke stratificatie in de fjord. In hoofdstuk 4 
wordt de impact op circulatie besproken, gelinkt aan de productiviteit van het mariene 
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ecosysteem. Aangezien de circulatie zeer verschillend is in de fjorden met kalvende gletsjers of 
gletsjers die eindigen op het land, zien we zeer grote verschillen in productiviteit. Bij kalvende 
gletsjer loopt smeltwater behalve van het oppervlakte, ook op grotere dieptes onder het water 
oppervlak in de fjord. Door de lichtere densiteit stijgt dit zoete smeltwater op en brengt daarbij 
grote hoeveelheden diep water mee naar het oppervlakte. Door deze opwelling direct naast de 
terminus komen veel nutriënten naar boven. Dit zorgt voor hoge fytoplankton productie in de 
fjord tijdens de zomermaanden. In tegenstelling tot fjorden met kalvende gletsjers worden 
fjorden met gletsjers, waarbij het smeltwater de fjord bereikt via een rivier, gekenmerkt door een 
aanzienlijk lagere productiviteit. Hier is dit opwelling mechanisme niet aanwezig. Gegevens over 
commerciële heilbotvangsten bevestigen dat kustgebieden onder invloed van de grote kalvende 
gletsjers hotspots zijn van mariene productiviteit. Deze resultaten suggereren dat 
klimaatverandering de productiviteit in de kustzone rondom Groenland drastisch kan 
veranderen met grote sociaal-economische gevolgen. Immers, het krimpen van de ijskap van 
Groenland zal waarschijnlijk leiden tot het terugtrekken van de kalvende gletsjers naar gletsjers 
die eindingen op het land. Bovendien wordt in hoofdstuk 3 aangetoond dat het gletsjer 
smeltwater leidt tot een hoge input van opgeloste silica, daar de gletsjers hoge rotsverwering 
veroorzaken. Opgeschaald voor de Groenlandse ijskap leidt dit proces tot een export van 
opgeloste silica naar aangrenzende kustgebieden van 22 ± 10 Gmol Silica per jaar. Deze silica 
export beïnvloedt sterk de fytoplankton gemeenschap, aangezien silica een essentieel element 
is voor diatomeeën. Wanneer het silica-rijke smeltwater zich mengt met water dat uit de diepte 
opwelt, wordt  de groei van diatomeeën sterk gestimuleerd ten opzichte van andere fytoplankton 
groepen.  
 
In hoofdstuk 5 wordt de invloed van smeltwater op de carbonaat systeem van deze productieve 
kustsystemen bekeken. Onze gegevens tonen aan dat de oppervlaktelaag van de hele fjord en 
de aangrenzende zee ondergesatureerd is in CO2 gedurende het hele jaar . Dit resulteert in een 
gemiddelde jaarlijkse CO2-opname van 65 g C per vierkante meter per jaar, wat aangeeft dat dit 
fjord systeem een sterke sink is voor CO2. De grootste CO2 opname in de fjord vindt plaats in 
het binnenste deel van de fjord, dichtbij de Groenlandse ijskap. De lage saliniteit correleert sterk 
met lage pCO2 waarden. Uit een modelsimulatie van de impact van smeltwater op het 
carbonaat-systeem blijkt dat ongeveer een kwart van de CO2-opname aan het niet-
conservatieve gedrag van pCO2 kan worden toegeschreven door het mengen van zoet water 
met zout fjordwater. Dit resulteert in een CO2-opname van 1.8 mg C per kg gletsjerijs dat smelt 
en impliceert dat gletsjer smeltwater een driver is voor CO2 opname in de Groenlandse fjorden. 
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Het grootste deel van de hoge CO2 opname is echter te wijten aan de hoge biologische activiteit 
zowel in het voorjaar als de zomer. 
 
Het lot van dit organisch materiaal bepaalt voor een groot deel de uiteindelijke koolstofopslag in 
het fjord systeem. De POC export uit de fotische zone volgt sterk de seizoenale primaire 
productie, zowel in Kobbe- en Godthåbsfjord (hoofdstuk 6 en 7). Maar de sterke seizoenaliteit 
van de pelagische productiviteit is niet weerspiegeld in de biogeochemie van het sediment, 
waarin slechts een matige variatie te observeren valt. De grootste fractie van het 
gesedimenteerde organisch materiaal wordt begraven in het sediment, terwijl ~ 38% 
gemineraliseerd wordt in het sediment, voornamelijk via sulfaatreductie (69% van de benthische 
mineralisatie). Beide studies tonen een discrepantie aan tussen de POC export en primaire 
productie, waarbij er meer export van koolstof is ten opzichte van de lokale productie. Dit opent 
de zoektocht naar de vermiste koolstof en suggereert dat we het topje van de ijsberg 
bestudeerd hebben in deze dynamische kustsystemen. 
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1 Introduction 
 
1.1 Setting the scene 
The North has always been a fascinating place since many centuries. Whalers, fishermen and 
adventurers have been fascinated since the early days to discover these barren unknown lands 
and to harvest its richness. However in recent years, there is growing evidence that the Arctic is 
undergoing drastic changes with a fast decrease of the sea ice coverage as well as an 
accelerated melting of the Greenland Ice Sheet. These changes in the Arctic not only strongly 
impact the Arctic ecosystems but will likely have a profound influence on a global scale. 
 
1.1.1 The Arctic 
The Arctic region is defined in a number of ways. In a first definition, the Arctic is the region 
north of the Arctic Circle (66.5°N). This straight forward delineation however ignores the 
terrestrial geography as well as the oceanic currents and the associated gradients in climate. 
Therefore an alternative classification considers the Arctic as a region in which the mean air 
temperature of the warmest (summer) month is below 10°C (Fig. 1.1).  
 
The largest area of the Arctic is covered by the Arctic Ocean, which is a relatively small (~ 14 
106 km2 or ~4% of total ocean surface) and almost completely landlocked ocean (Fig. 1.1). It is 
connected with the Pacific Ocean through the Bering Strait, and with the Atlantic Ocean through 
the Baffin and Hudson Straits at the North American side and with the Fram strait and 
Norwegian Seagate at the European side. The Arctic Ocean is characterized by relatively broad 
and shallow (< 200 m deep) continental shelves that constitute ~ 53% of the total area, which 
surround a deeper central basin (>2000 m deep),  (Bates and Mathis, 2009). While only 
accounting for ∼1 % of global ocean volume, the Arctic Ocean receives ∼11 % of global river 
discharge, and hence is characterized by a large freshwater input. Six major rivers flow into the 
Arctic, the Ob, Yenisey, Kolyma and Lena Rivers are the four largest in Asia, the Mackenzie and 
Yukon in North America (McClelland et al., 2012).  
 
The general circulation of the Arctic Ocean consists of a circular wind-driven current over the 
Canada basin, referred to as the Beaufort Gyre (Fig. 1.1). A flow of warm saline Atlantic surface 
water (Atlantic meridional overturning circulation or AMOC) from the south penetrates the Arctic 
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basin and sinks beneath the polar water. Besides a flow of cold and less saline polar surface 
water leaks out from the Arctic Ocean through several gateways (the Fram Strait and the 
Canadian Arctic Archipelago).  
 
 
Figure 1.1: Overview of circulation system in the Arctic Ocean. Salty warm surface waters from the 
Atlantic Ocean penetrate in the Arctic Ocean and sub ducts beneath the colder surface layer. From the 
Pacific Ocean, cold, fresh water enters the Arctic Ocean through the Bering Street. The water is swept in 
the Beaufort Gyre and exits into the North Atlantic Ocean through the Fram, Davis and Hudson Straits. 
The Arctic Circle is indicated by a red dashed line, the 10°C isotherm by a blue dotted line. Figure from 
Woods Hole Oceanographic Institution (http://www.divediscover.whoi.edu/arctic/circulation.html). 
 
During winter, the Arctic Ocean is almost completely covered by sea-ice with thick (3–7 m) 
multi-year (MY) ice and thinner seasonal first-year (FY) sea-ice (1–2 m) that cover a total area 
of 15.5 106 km2. During summer, a large fraction of the sea ice melts and the sea ice retreats 
towards the North Pole reducing the area to ~ 7.5 106 km2. Combined with the ice cover in the 
southern hemisphere, the total ice cover represents 7 % of the earth surface at its maximum 
extent, forming one of the largest biomes on earth (Thomas and Dieckmann, 2008). 
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1.1.2 Greenland 
Greenland (Kalaallit Nunaat in Greenlandic) is the largest island in the world stretching from 
59°N to 83°N (a distance of ~2400 km). The climate in Greenland covers a gradient from the 
sub Arctic to high Arctic. Roughly 80% of Greenland is covered by the Greenland Ice Sheet, 
with an area of 1.71 million km2 and a volume of 2.85 million km³, the second largest ice sheet 
in the world. Numerous glaciers (Sermia is the Greenlandic term for glacier) drain the Ice Sheet 
and a distinction can be made between land and marine terminating glaciers (Fig. 1.2). Land 
terminating glaciers end inland and feed a river which is draining the meltwater. Marine 
terminating glaciers (also called tidewater outlet glaciers) flow all the way down to the ocean 
and have a glacier terminus calving directly into the sea. An example of such a marine 
terminating glacier is Jakobshavn Glacier (Sermeq Kujalleq) which is one of the largest and 
most active glaciers in the world. Draining to the Ilulissat fjord, the glacier annually calves ~ 50 
km3 of ice, which would be enough to cover the entire water consumption in Canada for an 
entire year (Joughin et al., 2004). Ilulissat means iceberg in Greenlandic and the Ilulissat fjord 
became UNESCO World Heritage Site in 2004.  
 
 
Figure 1.2: Photo of a land terminating glacier (Russell Glacier, Kangerlussuaq Greenland) and 
marine terminating glacier (Kangiata Nunata Sermia, Nuuk, Greenland) Photo: Lorenz Meire 
 
Most of the glaciers in Greenland terminate in the fjords which connect the Greenland Ice Sheet 
with the open ocean. These fjords vary greatly in size and depth but are generally long (50–100 
km), narrow (5–10 km), and deep (hundreds of meters) (Straneo and Cenedese, 2014). They 
are carved by glaciers and are often characterized by one or more sills, where the sill depth 
varies considerable from fjord to fjord. On the east coast of Greenland, Scoresby Sund forms 
the largest fjord in the world with a length of 110 km and an area of ~ 38000 km2 (approx. the 
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size of Belgium). Greenland’s lithology is characterized by gneiss, basaltic and sedimentary 
rocks (Escher and Watt, 1978). 
 
The ocean circulation around Greenland is determined by the interplay between the cold polar 
water masses from the Arctic (blue arrows Fig 3) and temperate water masses of the Atlantic 
Ocean (red arrows Fig 3). The northward flowing West Greenland Current (WGC) is a 
continuation of the southward flowing Irminger Current and the East Greenland Current, which 
brings water of Atlantic and polar origin towards Cape Farewell, situated on the sourthernmost 
tip of Greenland (Sutherland and Pickart, 2008) (Fig. 1.3) 
 
 
Figure 1.3: Surface circulation around Greenland with the different currents. The Irminger Current in red 
coming around Iceland from the North Atlantic current, the East Greenland Current (dark blue) and the 
West Greenland Current in purple. Courtesy: http://www.natur.gl/en/fish-and-shellfish/sea-temperatures/ 
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1.2 A changing Arctic 
A global increase in temperature has been observed in the last decades linked with the buildup 
of greenhouse gases in the atmosphere (IPCC, 2014). Since the industrial revolution, the CO2 
concentration in the atmosphere has increased from 280 ppm to 400 ppm in 2015. This 
increase in greenhouse gasses strongly impacted the global radiative forcing and consequently 
has a large effect on the global temperature (Forster et al., 2007). However the changes have 
been most pronounced at the higher latitudes and the Arctic Ocean is currently experiencing 
rapid change due to warming, sea ice loss and increased freshwater fluxes (Comiso et al., 
2008; Overland et al., 2008). 
 
1.2.1 Changes in air and water temperature 
Air temperatures in the Arctic have increased much faster than the global average, a 
phenomenon that is known as the “Arctic amplification” (Screen and Simmonds, 2010). While 
the Earth's average surface air temperature has warmed by around 0.8 °C in 2010 compared to 
the period 1968 - 1996 , Arctic temperatures were 4 °C higher (The National Snow and Ice Data 
Center (NSIDC), 2014). Also in Greenland, air temperature increased strongly in the last years 
and a further increase in air temperature of ~5 °C is projected by 2100 (Masson-Delmotte et al., 
2012). Sea surface temperatures (SST) has also changed rapidly in past years. SST increased 
with up to 4 °C  during summer in Bering strait and Laptev Sea compared to the 1982-2010 
mean (Timmermans et al., 2013) where variability in SST can be linked with the patterns in sea 
ice retreat in the Arctic (Fig. 1.4).  
 
This accelerated warming in the Arctic is due to several positive feedback mechanisms. A 
reduction in surface albedo linked with loss of snow and sea ice increases the absorption of 
solar energy, and thus increases the heat stored in the upper layer of the ocean (Serreze and 
Barry, 2011). But changes in cloud cover and atmospheric water vapor content also play an 
important role in the Arctic amplification (Screen and Simmonds, 2010).  
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Figure 1.4: Arctic sea surface temperatures (left) and temperature anomalies (right) for August 2014 (°C) 
(Source NSIDC) 
 
1.2.2 Ocean acidification in the Arctic 
One process counteracting the increase in atmospheric CO2 is the uptake of CO2 by the oceans. 
Since the industrial revolution, the oceans have taken up ~48% of the total fossil fuel and 
cement manufacturing emissions (Sabine et al., 2004). This causes acidification of the ocean 
(Caldeira and Wickett, 2003) due to the reaction of CO2 with water (Eq. 1).  
 
  CO2(aq) + H2O ⇌  H2CO3  ⇌  HCO3
−  +  H+  ⇌ CO3
2−  +  2H+     (1) 
 
The uptake of CO2 increases the proton concentration, thus reducing pH and changing the 
chemical equilibrium of the inorganic carbon system. Since preindustrial times, the pH of the 
ocean already decreased by 0.1 pH units. By 2100, it is estimated that the surface ocean pH will 
be further reduced by up to 0.4 pH units (Doney et al., 2009). This implies a yearly pH decrease 
of 0.0013 to 0.002 pH units in the open ocean, which has recently already been corroborated by 
in situ measurements (Dore et al., 2009).  
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Generally a pH decrease of 0.4 pH units by 2100 is projected but model simulations show 
strong regional variation (Orr et al., 2005). The Arctic Ocean has been identified as vulnerable 
to ocean acidification with the strongest anticipated pH decrease (-0.45 in 21th century) 
compared to the other oceanic regions (Bates and Mathis, 2009; Steinacher et al., 2009). The 
stronger pH change in the Arctic can be attributed to a few factors. Despite its small size, the 
Arctic Ocean plays an important role in the global carbon cycle and takes up 66 to 199 Tg C 
yr−1, contributing 5–14% to the global balance of CO2 sinks and sources (Bates and Mathis, 
2009). This high uptake of CO2 leads to a faster pH decrease in Arctic seawater compared to 
other oceans (Steinacher et al., 2009). The increase in ice-free ocean further enhances the 
carbon drawdown by ~1.4 Tg C yr-1 due to increased air-sea interaction and biological carbon 
uptake (Manizza et al., 2013). The buffering capacity (described by alkalinity) in surface water is 
also reduced due to sea-ice melt water and large freshwater runoff. Therefore the Arctic is 
unlikely to be able to buffer as much change in pH as other regions might. A better 
understanding of the processes driving the CO2 uptake is however essential to understand how 
the system will change in the coming years as the carbonate chemistry can be influenced by 
several physical, chemical, and biological factors (Bates and Mathis, 2009; Bates et al., 2012; 
Hofmann et al., 2009). 
 
A changing pH will affect marine ecosystems profoundly in many ways (Gattuso et al., 2015). 
The most prominent effect is the impact on calcifying organisms. A decrease in the carbonate 
ion concentration (CO3
2-) due to lower pH leads to lower saturations states (Ω) of biologically 
important calcium carbonate (CaCO3) minerals such as calcite and aragonite (Doney et al., 
2009; Feely et al., 2010). Ocean acidification will however not only impact calcifying organisms 
but the entire ecosystem (Doney et al., 2009). Pelagic nitrification for example is found to be 
reduced by about 8–38% for a decrease in pH by 0.05 to 0.14 pH units (Beman et al., 2012). A 
higher availability of CO2 can also increase primary production by facilitating photosynthetic 
carbon fixation of some phytoplankton groups (Hein and Sand-Jensen, 1997; Low-Décarie et 
al., 2014). Although a concurrent increase in the bacterial activity may counter the effect on the 
net community production (Engel et al., 2013). 
 
1.2.3 Changes in sea ice extent 
Large changes in sea ice extent have been observed over the last few years. Since 1978 the 
annual average Arctic sea ice extent has shrunk by ~ 3 % per decade (Comiso et al., 2008), 
while over the last 10 years the retreat has accelerated to ~ 10 % per decade. In September 
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2012 the Arctic sea ice extent reached its minimum extent ever recorded with an area of 3.4 
million square kilometers, around ~50% below the 1981 to 2010 average extent (The National 
Snow and Ice Data Center (NSIDC), 2014) (Fig. 1.5). Furthermore a switch can be observed 
from multiyear ice to first year ice. The total multiyear ice coverage in the Arctic decreased by 
more than 42% since 2005 and consequently less than half of the sea ice (30 - 45 %) is still 
multiyear ice. Due to a loss and average thinning of the multi-year ice by 0.6 m in the last 
decade, over 50% of the ice volume may have been lost (Kwok and Rothrock, 2009; Kwok et 
al., 2009). A combination of atmospheric heating, advection of warm water into the Arctic Ocean 
and anomalous wind patterns which break the ice and advect multi-year ice through Fram Strait, 
strongly affect the sea ice extent and thickness (von Eye et al., 2009; Yamamoto-Kawai et al., 
2009). Therefore it has been predicted that the Arctic Ocean may be largely ice-free during 
summer within two to three decades (Wang and Overland, 2012).  
 
  
Figure 1.5: Monthly September ice extent for 1979 to 2011 shows a decline of 12.0% per decade. Credit: 
National Snow and Ice Data Center. 
 
1.2.4 Increase in freshwater fluxes to the Arctic Ocean 
Aside the strong warming, large changes in precipitation are projected for the Arctic by the end 
of the twenty-first century with an increase of more than 50 % of the annual precipitation. The 
large increase can be attributed to an enhanced local evaporation, mainly resulting from a 
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reduction in winter sea ice, and increased moisture transport from lower latitudes (Bintanja and 
Selten, 2014). The increased precipitation in combination with strong warming has already 
caused an increase by 7 % since 1936 in the annual freshwater discharge from the six largest 
Eurasian rivers into the Arctic Ocean  (Peterson et al., 2002). This has led to unprecedented 
amounts of fresh water in the surface layer of the Arctic Ocean (Yamamoto-Kawai et al., 2009). 
The large change in the freshwater input has potentially important implications for physical 
oceanography and global circulation patterns (Peterson et al., 2002). As stratification in the 
Arctic is mainly salinity driven, an increased freshening will enhance stratification and 
consequently can have large implication on biogeochemical cycles (Carmack, 2007). 
Furthermore a continued freshening of the Arctic Ocean could cause an alteration of the Atlantic 
meridional overturning circulation, which drives global ocean circulation. 
 
1.2.5 Melt of the Greenland Ice Sheet 
The most prominent factor affecting Greenland’s fjords is the Greenland Ice Sheet. Strong 
warming in recent years has led to an accelerated mass loss of the Greenland Ice Sheet despite 
an increase in snowfall (Bamber et al., 2012; van den Broeke et al., 2009; Hanna et al., 2008). 
Net mass loss from the Greenland ice sheet more than doubled over the last decade from 172 
Gt yr-1 in the period from 2003 to 2006, to 360 Gt yr-1 from 2009 to 2012 (Khan et al., 2014; 
Shepherd et al., 2012). Over the years 2012-2013, the largest mass loss ever was recorded of 
474 Gt yr-1. The high mass loss can be attributed to an increasing surface runoff and solid ice 
discharge (iceberg calving).  
 
Increasing melt and runoff can be linked to higher ice-surface temperatures which increased by 
0.55 °C per decade on the entire Greenland Ice sheet. Average summer temperatures 
increased even by 1.35 °C per decade since 2000, strongly accelerating the summer melt (Hall 
et al., 2013). However mass loss can largely be accounted to the accelerated retreat of the 
marine terminating glaciers at western and southeastern Greenland (van den Broeke et al., 
2009) (Fig. 1.6). The interaction of Greenland’s marine-terminating glaciers with the ocean has 
emerged as a key term in the ice-sheet mass balance and a plausible trigger for accelerated 
retreat (Straneo and Cenedese, 2014). Observations of warming ocean waters advected to 
Greenland’s western shelf support the hypothesis that heat stored in the ocean might play an 
important role (Holland et al., 2008). However knowledge of the dynamics is still limited due to 
scarcity of ocean measurements at the glacier/ocean boundary (Straneo et al., 2012) and 
complex circulation patterns in Greenland’s fjords (Mortensen et al., 2014). 
Introduction 
19 
 
 
 
Figure 1.6: Rate of elevation change of the Greenland Ice sheet over the period 2003-2009 
(http://www.esa-icesheets-cci.org/) 
 
The large mass loss has led to a large increase in the annual freshwater water flux from the 
Greenland Ice Sheet to the adjacents fjords and ocean. In recent years, the total freshwater flux 
from the Greenland Ice Sheet accounts for ~1000 km3 yr-1 (with an ice discharge contribution of 
60% and runoff of 40 %) (Bamber et al., 2012) making the Greenland Ice Sheet one of the 
largest “rivers” in the world with an yearly average discharge of 31700 m3 s-1 (Dai and Trenberth, 
2002). This freshwater flux greatly affects the water column structure and circulation in the fjords 
neighboring the Ice Sheet and thereby alters its biogeochemical cycles. 
 
Glaciers and ice caps are important contributors to present day global mean sea level rise 
(Jacob et al., 2012). With a total area of 1.7 million square kilometers and an estimated volume 
of 2.85 million cubic kilometers, the Greenland Ice Sheet contributes substantially to the 
observed sea-level rise. If the entire Ice Sheet would melt, it contains enough ice to raise the 
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sea level worldwide by seven meters (Gregory et al., 2004). In the last decade all glaciers and 
ice sheets have contributed 1.48 ± 0.26 mm yr-1 to the observed sea level rise of 3.1 ± 0.7 mm 
yr-1. With a mass loss of 222 GT yr-1, the Greenland Ice Sheet itself has contributed 42% to the 
total loss of land fast ice, making Greenland alone responsible for almost a quarter of the 
present rate of sea level rise (Church et al., 2011).  
 
Furthermore an increasing discharge from the Greenland Ice Sheet combined with increased 
river runoff into the Arctic Ocean has been linked to a weakening of the Atlantic meridional 
overturning circulation (AMOC) better known as the gulf stream (Rahmstorf et al., 2015). It is 
hypothesized that accumulated freshwater weakens the AMOC which potentially could lead to a 
permanent shutdown of some of the convection systems with major implications for the global 
climate (Hofmann and Rahmstorf, 2009; Rahmstorf et al., 2015). 
 
1.3 Biogeochemical cycling in high latitude fjords 
Physical forcings play a crucial role in productivity, biogeochemical cycling and the projected 
climatic changes will consequently have a large impact on the biogeochemical cycles (Arrigo et 
al., 2008; Wassmann and Reigstad, 2011). The fjords and coastal waters around Greenland 
form the interface between the ocean and the Greenland Ice Sheet and provide the stage for a 
set of complex interactions between glacial meltwater, calved icebergs, sea-ice and oceanic 
currents (Straneo and Cenedese, 2014). Due to high seasonal variability in climatic forcings, 
fjord systems are very dynamic environments with respect to carbon cycling. This section 
provides a brief overview of carbon cycling in Greenland fjords (Fig. 1.7). 
 
1.3.1 Primary production in fjords 
Primary production in high-latitude waters is mainly driven by phytoplankton, but in sea ice 
covered regions, sea-ice algae can contribute significantly (<1 − 66%) to the total primary 
production (Rysgaard and Glud, 2007). The primary production is determined by light, nutrient 
availability both function of stratification of surface waters (Sakshaug, 2004; Wassmann and 
Reigstad, 2011). 
 
Strong seasonality in incoming radiation in high latitude marine ecosystems leads to a strong 
seasonal cycle of the productivity due to light limitation (Sakshaug, 2004). As light is attenuated 
in the water column, it only penetrates to a certain depth defined as the photic or euphotic zone. 
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Underwater light is attenuated by water itself and by dissolved and particulate substances (both 
organic and inorganic) (Kirk, 1994). High input of sediments suspended in glacial meltwater 
largely impacts the light climate in the surface layer. High turbidity close to glacial outlets 
strongly reduces light penetration to 5-10 meter  (with a normal photic zone depth around 30 to 
40 m) (Murray et al., 2015), while also sea ice and especially the snow cover on top of sea ice 
strongly reduces the light reaching the water column (Nicolaus et al., 2013). Consequently, a 
reduction in sea-ice cover will increase light penetration to the water column, and a longer sea 
ice-free summer period will potentially increase annual primary production in the Arctic Ocean 
(Arrigo et al., 2008) (Fig. 1.8).  
 
 
Figure 1.7: Schematic overview of processes influencing the carbon and nutrient cycles in Arctic coastal 
areas.  
 
Nutrients are a second crucial factor limiting primary production. Both phosphorous and nitrogen 
can limit primary production, but nitrogen is believed to be the main limiting nutrient in the Arctic 
(Tremblay and Gagnon, 2009). In addition silicate is an essential nutrient for diatoms who use 
silicon to build their cell frustule. Consequently silica limitation will limit diatom growth and can 
cause a switch in the species composition of the phytoplankton (Egge and Aksnes, 1992). A 
review by McClelland et al. (2012) indicates that the Arctic is influenced by two ocean end 
members: Pacific water source with high nutrients (nitrate ~ 15 µM, phosphate ~ 2 µM and silica 
∼ 30 µM) and an Atlantic water source with reduced nutrients (nitrate ~ 8 µM, phosphate ~ 1 µM  
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and silica ∼ 6 µM). Compared to the Redfield ratio (Si:N:P of 15:16:1) of diatom stoichiometry, 
silica is present in excess in water from pacific origin, while Si:N ratios from Atlantic water 
indicate that silica is limiting in the Atlantic sector compared to nitrate. Measurements from 
bottom water in the Godthåbsfjord (DSi: 8-9 µM and NOx: 10-14 µM) indicate a similar low Si:N 
(0.7) ratio. A study on the West Coast of Greenland also indicate that silica concentrations in 
deep water are lower in nitrate (Jensen et al., 1999).  
 
In the photic zone inorganic nutrients are often rapidly consumed and new production often 
becomes limited by low rates of nutrient recycling (Wassmann and Reigstad, 2011). 
Consequently the supply of nutrients to the photic zone after the spring bloom is an essential 
factor determining the productivity (Carmack and Wassmann, 2006; Wassmann and Reigstad, 
2011). Based on the source of the nitrogen, a distinction can be made between new and 
regenerated production (Eppley and Peterson, 1979). New production is driven by supply of 
new nitrate to the photic zone from deeper water layers through upwelling or diffusion of nitrate 
from deeper waters or through riverine or glacial discharge (Sakshaug, 2004; Wassmann and 
Reigstad, 2011). Nitrogen can also be released from remineralization of organic material in the 
photic zone which can fuel regenerated production.  
 
Increasing solar radiation in spring triggers the start of the productive season characterized by 
an intense phytoplankton spring bloom (Hodal et al., 2012; Sakshaug, 2004). This spring bloom 
is responsible for a large part of the annual primary production in many subarctic and arctic 
marine ecosystems (50 - 65 %) (Sakshaug, 2004), and thus plays an essential role in sustaining 
the secondary production in these high-latitude systems. Presence of sea ice coverage strongly 
impact the timing of the blooms (Rysgaard and Glud, 2007), as the sea ice limits solar radiation 
to the surface water layers thus reducing productivity (Arrigo et al., 2008). Observations have 
demonstrated a close relation between the ice-free period and annual primary production in the 
Arctic and also specifically in Greenland (Arrigo et al., 2008; Rysgaard and Glud, 2007) (Fig. 
1.8). Break-up of sea ice is therefore often associated with the development of a strong spring 
bloom as the nutrient-rich water layers are suddenly exposed to increased light. At the same 
time, sea ice melt also increases water column stability thus creating favorable condition for 
bloom development (Rysgaard et al., 1999; Wu et al., 2007). In ice-free areas, the spring bloom 
mostly occurs during late March to late April (Degerlund and Eilertsen, 2010; Eilertsen and 
Frantzen, 2007; Eilertsen et al., 1989). However physical factors play a crucial role in the timing 
and development of the spring bloom. A high level of turbulent mixing combined with strong light 
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limitation prevents phytoplankton growth during the winter months (Eilertsen and Frantzen, 
2007). In spring, a rapid increase in incoming solar radiation, combined with high nutrient 
concentrations in surface waters and the development of a more stratified water column triggers 
the development of an intense phytoplankton spring bloom (Sakshaug, 2004). Stratification of 
the surface waters is needed in order to prevent that cells are transported out of the euphotic 
zone below the compensation depth (Sverdrup, 1953). This increased stratification can be 
temperature driven, i.e., by increasing insolation and elevated air-sea heat exchange, and/or 
salinity driven, i.e., by sea ice melt or river runoff driven by snow melt. 
 
 
Figure 1.8: Classical conceptual model of the timing of ice algae and phytoplankton bloom development 
along a latitudinal axis of the open water-seasonal ice zone region (ranging from 75–85°N) with long to 
short productive season (Wassmann and Reigstad, 2011). 
 
During the spring bloom, nutrients are often rapidly depleted above the pycnocline. 
Consequently the nutrient flux to the upper water layer determines post spring bloom production 
(Tremblay and Gagnon, 2009). This nutrient supply is closely linked to physical conditions. 
Primary production can remain high in some areas where hydrodynamics continuously supply 
nutrients for example through tidal mixing, turbulence where currents meet, or upwelling in 
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straits and along shelf-breaks (Sakshaug, 2004). On the other hand nutrients can be brought 
back through wind driven mixing. Changes in physical drivers can consequently strongly impact 
nutrient dynamics and impact productivity. Strengthening of stratification due to ice melt, 
increased freshwater runoff and warming, will further isolate the photic layer from turbulent 
vertical nutrient supply and is expected to significantly reduce Arctic primary productivity 
(Wassmann and Reigstad, 2011). Greenland’s fjords are during summer months specifically 
characterized by high input of glacial meltwater. As yet a lot of uncertainty remains on how 
glacial meltwater affects biogeochemistry and productivity of coastal areas. 
 
Seasonal studies in Godthåbsfjord and research cruises along the west coast of Greenland 
indicate that the dominant microplankton groups are diatoms (Chaetoceros spp. and 
Thalassiosira spp.), silicoflagellates, dinoflagellates and ciliates. During winter and early spring, 
diatoms dominate followed by haptophytes (Krawczyk et al., 2015; Nielsen et al., 2007). During 
the summer/autumn bloom, the microplankton assemblage is again dominated by diatoms (with 
Chaetoceros spp.) (Krawczyk et al., 2015; Munk et al., 2003).  
 
1.3.2 Fate of the bloom: Grazing, sedimentation and mineralization 
The fate of primary production is either to be grazed, mineralized in the water column or sink to 
the sediment. Within the photic zone, heterotrophs can efficiently consume large part of the 
primary production, consequently keeping organic material in the zone. In the western coast of 
Greenland and many parts of the Arctic the phytoplankton bloom is grazed primarily by the large 
herbivore copepod genus Calanus (Nielsen and Hansen, 1995) although small copepods can 
also be dominant. In Godthåbsfjord, Pseudocalanus spp. dominates in spring and Microsetella 
norvegica is an important grazer during summer (Arendt et al., 2010, 2013). Below the photic 
zone, heterotrophs continue to consume the available organic material, thereby releasing 
nutrients. A large fraction of the pelagic primary production sinks out and reaches the sediment 
surface.  This vertical flux depends on the total primary production, feeding intensity of 
zooplankton and physical conditions (Wassmann, 1997). This flux of organic carbon is 
correlated with minerals as CaCO3, opal and lithogenic material suggesting that these biogenic 
material increase sinking velocity via ballasting and/or protect sinking aggregates against 
decomposition (Iversen and Ploug, 2010; Klaas, 2002). Estimates of export production range 
from 15 to 50 % in shelf areas, consequently benthic mineralization plays an important role in 
carbon and nutrient cycling (Glud, 2008). Surprisingly, for Greenland fjords, sedimentation is 
mostly higher than primary production (Jensen and Rasch, 2010; Rysgaard and Nielsen, 2006), 
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suggesting that the particulate organic carbon (POC) export cannot be sustained by the local 
primary production and organic carbon must be advected from elsewhere. Typically a large 
fraction of the organic material is reoxidized in the sediment, releasing inorganic carbon and 
nutrients back to the water column, while a fraction is permanently buried (Canfield, 1993). The 
first electron acceptor used for oxidation of organic material is oxygen. Yet, with high loads of 
organic material, oxygen can be consumed rapidly and other electron acceptors as nitrate 
(NO3), Mn and Fe oxide, sulphate (SO4) and organic material (through anaerobic fermentation 
with the production of methane) are used following the redox-cascade (Middelburg and Levin, 
2009). As sulphate is generally abundant in marine systems, sulphate reduction is generally the 
most important anaerobic respiratory pathway (Middelburg and Levin, 2009). The relative 
importance of oxic versus anoxic processes can vary depending on organic loading as anoxic 
processes become more dominant with high sedimentation (Thamdrup and Canfield, 1996). As 
oxygen is both used in oxic processes and for reoxidation of the reduced components from 
anoxic processes, oxygen exchange is commonly used as proxy for total mineralization in 
marine sediment (Glud, 2008). The undegraded fraction of organic material is buried in the 
sediment. The balance between burial and mineralization of the organic carbon reaching the 
sediment has important implications for the carbon cycle as large amounts of organic material 
can be buried in fjord sediments (Glud, 2008).  
 
1.3.3 Carbon cycle 
Estuaries, specifically fjords here, are dynamic ecosystems characterized by a complex 
combination of biological, physical and chemical process which impact the carbon cycle leading 
to strong spatial and seasonal variability in the carbonate system (Borges and Abril, 2011). 
Physical processes play a key role in the carbon cycle as physical and chemical changes affect 
the solubility of CO2 and impact transport processes. Salinity changes due to freshening and 
warming or cooling impact the solubility of CO2 and the air-sea CO2 fluxes. The high biological 
productivity in these systems also strongly impacts the carbon cycle where primary production 
reduces dissolved inorganic carbon (DIC) concentrations and partial pressure of CO2 pCO2, and 
increase pH. Remineralization and respiration on the contrary lead to an increase of DIC and 
pCO2 and decrease of pH. However through the export of organic material produced in the 
surface layer to the surface, carbon can be exported to the deep water (Thomas et al., 2004). 
Carbon cycle is furthermore impacted by calcification (also called the alkalinity pump). Calcifying 
organism remove carbonate ions due to formation of calcareous shells and subsequent sinking 
of these shells and dissolution at deeper depths play a role in the transfer of inorganic carbon to 
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deeper waters Calcifying organism as coccolithophorids are often common in temperate and 
sub-polar oceans (Brown and Yoder, 1994) and specifically been observed in high latitude fjords 
(Fernandez et al., 1996; Kristiansen et al., 1994). As yet, no coccolithophorids have been 
observed in Greenlandic fjords.  
 
Recent studies in Greenland’s fjords confirmed a strong sink (Rysgaard et al., 2012; Sejr et al., 
2011). Field measurements from Godthåbsfjord showed high annual CO2 uptake (83-108 g C 
m−2 yr−1) as a result of low pCO2 conditions during the entire year and especially in the inner 
part of the fjords close to the glaciers (Rysgaard et al., 2012; Sejr et al., 2011). However, the 
drivers that generate these low pCO2 values remain largely unknown. It has been hypothesized 
that mixing between glacial meltwater and coastal water could explain an important part of the 
uptake (Rysgaard et al., 2012). Glacial meltwater not only leads to a freshening of the seawater 
but glacial erosion also produces finely grained minerals with reactive surfaces (Anderson, 
2007). Silicate and carbonate chemical weathering of these minerals can directly consume CO2 
(Anderson et al., 1997). But these minerals can also affect the carbonate system through 
interactions with seawater. Due to ion exchange of calcium on clays for sodium in seawater, 
released calcium can precipitate as calcium carbonates in seawater (Anderson, 2007). 
Dissolution of geochemically reactive carbonate minerals can on the contrary lead to low 
surface–water pCO2 upon dissolution (Sejr et al., 2011).  
 
1.4 Study sites 
This study was performed in two Greenlandic fjords, Godthåbsfjord in south-west Greenland 
and Young Sound in north-east Greenland. These fjord systems are characterized by different 
type of glaciers discharging in the fjord where Young Sound is only impacted by land 
terminating glaciers and Godthåbsfjord by marine and land terminating glaciers. Glacier type 
and activity has an impact on physical oceanography of the fjords and will consequently impact 
their biogeochemistry but also other local conditions as bathymetry, sill depth and 
characteristics of the coastal water exchanging with the fjord basins play a role.  
 
1.4.1 Godthåbsfjord 
Godthåbsfjord (Nuup Kangerlua) located in south-west Greenland (64°10 ′N, 51°44 ′W) is 
Greenland’s second largest fjord system (Fig. 1.9, region 1). It is a complex fjord system with a 
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number of fjord branches and several sills in the fjord system. The fjord covers a total area of 
2013 km2 and has a volume of 525 km3 (Fig. 1.9). The mean depth of the fjord is 260 m and 
there is a sill of 170 m depth located at the entrance of the fjord (Mortensen et al., 2011).  
 
Godthåbsfjord is strongly impacted by input of glacial meltwater. The inner part of the main fjord 
continues into Kangersuneq, which is in contact with three marine terminating glaciers from the 
Greenland Ice Sheet: Kangiata Nunaat Sermia (KNS), Akugdlerssuup Sermia (AS) and Narssap 
Sermia (NS). In addition to three marine terminating glaciers, three land terminating glaciers 
discharge into the fjord: Qamanârssûp Sermia (QS), Kangilínguata Sermia (KS) and Saqqap 
Sermersua (SS), which all discharge into Lake Tasersuaq (LT) that further drains into the fjord. 
Recent hydrological models estimate the annual freshwater input to Godthåbsfjord (excluding 
solid ice discharge, basal and submarine melt from glaciers) to be 22.5 ± 5.2 km3 yr-1 for the 
period 1991-2012 (Langen et al., 2014; Van As et al., 2014). Ice sheet runoff accounts for 60 % 
of the freshwater input, land runoff is responsible for 34 %, and net precipitation over the fjord 
surface represents the remaining 6 % (Langen et al., 2014). Furthermore the fjord is impacted 
by a solid ice discharge of 8-10 km3 yr-1 (Mortensen et al., 2013). 
 
Located at the mouth of Godthåbsfjord, is Kobbefjord (Kangerluarsunnguaq), a small fjord in 
vicinity of Nuuk (Fig. 1.9). The fjord covers an area of 25 km2 and consists of several deeper 
basins separated by sills, and has an average water depth of 51 m. The entrance of the fjord 
has a distinctive sill at 30 m depth and the maximum water depth is 140 meters (Mikkelsen et 
al., 2008). Kobbefjord receives freshwater run-off from four minor rivers fed by small remnant 
glaciers.  
 
1.4.2 Young Sound 
Young Sound (Northeast Greenland) is a sill fjord covering an area of 390 km2 and is 90 km 
long (Fig. 1.9, region 1). Young Sound consists of the narrower Tyroler fjord with a maximum 
depth of 360 m, and the wider, but shallower Young Sound fjord which is connected with the 
Greenland Sea via a sill at 45 m water depth. Two large meltwater rivers (Tyroler and 
Zackenberg) are fed by land-terminating glaciers and discharge into Young Sound with an 
annual discharge of 0.5 to 1.5 km3 yr-1. 
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Figure 1.9: Panel A shows overview of Greenland indicating the location of Godthåbsfjord. Panel B 
shows the bathymetry of the fjord system (reproduced from Mortensen et al., 2011). Panel C shows an 
overview map of Godthåbsfjord with an indication of the different glaciers (three marine terminating 
glaciers: Kangiata Nunaat Sermia (KNS), Akugdlerssuup Sermia (AS) and Narssap Sermia (NS). There 
are also three land terminating glaciers: Qamanârssûp Sermia (QS), Kangilínguata Sermia (KS) and 
Saqqap Sermersua (SS), which is not shown on the map but discharge into Lake Tasersuaq (LT) 
(reproduced from Mortensen et al., 2011).   
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1.5 Aim of the PhD thesis 
The overarching goal of this PhD research is to increase our understanding of biogeochemical 
cycling in high latitude fjord systems and especially describe the impact of glacial meltwater 
input on the marine system. Specifically, the following questions are investigated: 
 
1) The spring bloom plays an important role in total annual production in high latitude 
areas. What drives the spring bloom in a sub-Arctic fjord and how important is it? 
 
2) During the summer months, Godthåbsfjord is strongly impacted by the high input of 
glacial meltwater. This induces a strong stratification in surface waters during summer 
limiting vertical nutrient transport for new production. In addition glacial meltwater 
strongly increases turbidity decreasing light penetration. What is the impact of the large 
meltwater input on the biogeochemistry of Greenland’s fjords? 
 
3) Previous studies in Greenland fjords showed a strong uptake of CO2. What are the 
drivers of this high CO2 uptake? 
 
4) The vertical export of carbon from the surface layer determines the carbon sink of the 
fjord system. How much carbon is exported from the surface layer and what is the fate of 
the exported carbon? Do benthic processes play an important role in carbon dynamics in 
coastal areas and how much is mineralized or buried in the sediment? 
 
1.6 Structure of the PhD thesis 
This thesis was structured following the annual cycle starting with a description of the spring 
bloom in the fjord system (Chapter 2), followed by the impact of glacial meltwater during 
summer (Chapter 3 and 4). Chapters 5, 6 and 7 focus on a description of the annual carbon 
cycle in Godthåbsfjord.  
 
The spring bloom plays a crucial role in annual productivity in high latitude regions. Chapter 2 
describes the environmental factors controlling the timing and intensity of these spring bloom in 
Godthåbsfjord. This study shows that the intensity and location of the spring bloom is controlled 
by a combination of upwelling and wind forcing. 
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During summer months, Godthåbsfjord is profoundly impacted by large meltwater input. In 
Chapter 3 the direct impact of glacial meltwater input on nutrient dynamics in the fjord is 
described. Data from Godthåbsfjord, Young Sound and several meltwater around Greenland 
reveal that glacial meltwater is low in nitrate and phosphate but enriched in silica. Input of glacial 
meltwater in Greenland’s fjord ecosystems consequently promotes diatom growth. 
 
The high input of glacial meltwater strongly impacts circulation in the fjord system during 
summer. In Chapter 4, the impact on fjord circulation is described and linked to changes in 
biogeochemical cycling in fjords that are influenced with land or marine terminating glaciers. 
Comparison shows that marine ecosystem productivity is very differently regulated in fjords 
influenced by either land-terminating or marine-terminating glaciers. 
 
The surface water of Godthåbsfjord is permanently undersaturated in CO2. Glacial meltwater 
input is predicted to strongly increase in the future, but the impact of meltwater on the carbonate 
dynamics of these productive coastal systems remains largely unquantified. Chapter 5 
describes the drivers for the observed large undersaturation during a full annual cycle and 
specifically addresses the role of glacial meltwater on the carbon dynamics. The study reveals 
that the high input of meltwater combined with high biological activity creates a high annual CO2 
uptake of 65 g C m−2 yr−1 in the fjord.  
 
High productivity in Greenland fjords, leads to high CO2 uptake and sedimentation of organic 
material. The ultimate CO2 sink is eventually determined by mineralization and burial in 
sediment. Chapter 6 describes seasonal variability in benthic biogeochemistry in Kobbefjord (a 
side branch from Godthåbsfjord). In Chapter 7, the seasonal carbon budget is studied in 
Godthåbsfjord describing the seasonality of different drivers on biogeochemistry in 
Godthåbsfjord. 
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2 Spring bloom dynamics in a subarctic fjord influenced by 
tidewater outlet glaciers (Godthåbsfjord, SW Greenland) 
 
Lorenz Meire, John Mortensen, Søren Rysgaard, Jørgen Bendtsen, Wieter Boone and Filip 
Meysman, in review in Journal of Geophysical Research- Biogeosciences 
 
2.1 Abstract 
In high-latitude fjord ecosystems, the spring bloom generates a major part of the annual primary 
production and thus provides a crucial energy supply to the marine food web. However, the 
environmental factors that control the timing and intensity of these spring blooms remain 
uncertain. In 2013, we studied the spring bloom dynamics in Godthåbsfjord, a large fjord system 
adjacent to the Greenland Ice Sheet. In contrast to the traditional model of plankton dynamics in 
fjords, the spring bloom did not initiate in the inner stratified part of the fjord system close to 
tidewater outlet glaciers, but only further downstream. A combination of out-fjord winds and 
dense coastal inflows drove an upwelling in the inner part of the fjord during spring (April-May), 
which supplied nutrient-rich water to the surface layer that was subsequently transported 
downstream. Due to the generation time of the algae, the development of a phytoplankton 
bloom was delayed and only occurred further away from the glaciers. Weakening of the 
upwelling and changes in the dominant wind direction in late May, reversed the surface water 
transport, so that warmer water was transported towards the inner outlet glacier terminus, and a 
bloom was now observed close to the glacier. Overall, our findings imply that the timing, 
intensity and location of the spring bloom in Godthåbsfjord are controlled by a combination of 
upwelling strength and wind forcing. These physical processes hence play together with sea ice 
cover a crucial role in structuring food web dynamics of the fjord ecosystem.  
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2.2 Introduction 
High-latitude coastal ecosystems are generally productive ecosystems and, therefore, play a 
major role in sustaining commercial fisheries as well as traditional hunting and fishing practices 
(Hamilton et al., 2000). Productivity in high-latitude fjords shows a strong seasonal cycle where 
the start of the productive season is marked by an intense phytoplankton spring bloom (Hodal et 
al., 2012; Sakshaug, 2004). This spring bloom is responsible for a large part of the annual 
primary production in many sub-Arctic and Arctic marine ecosystems (Sakshaug, 2004), and 
thus plays an essential role in sustaining the secondary production of these high-latitude fjords.  
 
Favorable conditions for spring bloom development in high latitude fjord systems mostly occur 
during late March to late April and physical factors play a crucial role in the timing and 
development of the spring bloom (Degerlund and Eilertsen, 2010; Eilertsen and Frantzen, 2007; 
Eilertsen et al., 1989). High levels of turbulent mixing combined with strong light limitation 
prevent phytoplankton growth during winter in ice free regions (Eilertsen and Frantzen, 2007). 
During spring, a rapid increase in irradiance, combined with high nutrient accumulation in 
surface waters and the development of a stratified water column, triggers an intense 
phytoplankton bloom (Sakshaug, 2004). Stratification of the surface water limits the transport of 
cells out of the euphotic zone and below the compensation depth (Sverdrup, 1953). The 
increased stratification can be temperature driven, i.e., by increasing insolation and elevated air-
sea heat exchange, and/or salinity driven, i.e., by sea ice melt or by river runoff driven by snow 
melt or precipitation. The spring bloom characteristically develops earlier in the inner part of 
fjords, as terrestrial runoff to the inner fjord system creates the necessary stratification that 
allows a bloom to develop (Syvitski et al., 1987; Tett and Wallis, 1978). Presence of sea ice 
coverage can, however, strongly impact the timing of the blooms (Rysgaard and Glud, 2007), as 
the sea ice limits the penetration of solar radiation into the surface water thus reducing 
productivity (Arrigo et al., 2008). The break-up of sea ice is therefore often associated with the 
development of a strong spring bloom as the nutrient-rich water layers are suddenly exposed to 
increased irradiance. At the same time, sea ice melt also increases water column stability thus 
reinforcing the favorable conditions for bloom development (Rysgaard et al., 1999; Wu et al., 
2007). 
 
Godthåbsfjord located in southwest Greenland is among the largest fjord systems in the world 
and of great importance for the local fisheries and biodiversity (Storr-Paulsen et al., 2004). The 
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spring bloom plays an important role in the productivity of the fjord accounting for 50-60 % of the 
total annual primary production (Juul-Pedersen et al., 2015; Meire et al., 2015). Previous studies 
in Godthåbsfjord have identified a complex circulation pattern in the fjord system, characterized 
by coastal inflows during winter and spring (Mortensen et al., 2011, 2014). However the impact 
of various physical conditions as the complex hydrodynamic circulation but also sea ice cover 
and prevailing wind conditions, on the timing and development of the spring bloom in 
Godthåbsfjord still remains poorly known. Warm weather in early spring 2013 led to an early 
breakup of the sea ice in the inner part of the fjord allowing for the first time to study the spring 
bloom dynamics close to the tidewater glacier termini. The study revealed substantial spatial 
gradients in the fjord with a low phytoplankton biomass close to tidewater outlet glaciers, but 
development of a strong spring bloom further downstream. 
 
2.3 Material and Methods 
2.3.1 Study site 
Godthåbsfjord is a large fjord system located on the southwest coast of Greenland with a length 
of ~190 km covering a total area of ~2013 km2 (Figure 2.1) influenced by three tidewater outlet 
glaciers located in the innermost part of the fjord (Mortensen et al., 2011). The fjord system has 
a complex geometry with several fjord branches and contains several sills, with the main sill 
(170 m deep) located at the entrance to the fjord (Figure 2.1). The study area includes the 
northernmost fjord branch, Nuup Kangerlua, as well as the inner part of the fjord, referred to as 
Kangersuneq. This inner section of the fjord is in direct contact with three tidewater outlet 
glaciers from the Greenland Ice Sheet: Kangiata Nunaata Sermia (KNS), Akullersuup Sermia 
(AS) and Narsap Sermia (NS) (Figure 2.1). During winter, the inner fjord is typically covered by 
sea ice, and after the sea ice breakup in late spring, the inner fjord is mostly packed with newly 
calved glacial ice. This makes hydrographic sampling near the tidewater outlet glaciers usually 
difficult in spring. However, in 2013, sea ice broke up early in the inner part of the fjord, which 
made sampling possible from March until mid-June in Kangersuneq. On June 10th, the ice 
mélange in front of KNS terminus broke up and released large amounts of glacial ice preventing 
further sampling in Kangersuneq (Figure 2.2A). 
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Figure 2.1: Map of the Godthåbsfjord system and adjacent continental shelf. The rectangular area 
delineates the fjord branch Kangersuneq, which is our main study area here. Small solid dots represent 
the CTD stations visited during the May 2013 transect of the fjord system. The three monthly monitoring 
stations (GF10, GF13 and GF17) are indicated in addition to the two main tidewater glaciers (KNS, 
Kangiata Nunaata Sermia and NS, Narsap Sermia; bold squares) and the two meteorological stations 
(Nuuk and Kapisillit; crosses).  The white shaded area is the Greenland Ice Sheet. 
 
2.3.2 CTD and water chemistry data 
Monthly water column sampling was conducted from March to June 2013 at three fixed stations 
(GF10, GF13 and GF17) in Kangersuneq (Figure 2.1). This temporal dataset was further 
complemented with a spatial survey obtained during a hydrographic cruise aboard RV Sanna 
from 7 - 15 May 2013, conducted as part of the Marine Basis Nuuk monitoring program by the 
Greenland Institute of Natural Resources. During this survey, water column sampling was 
carried out at 25 stations along a length section in Godthåbsfjord (Figure 2.1), from KNS (station 
GF18) to the continental slope at Fyllas Banke (station FB3.5). In all sampling campaigns, 
salinity and temperature depth profiles were recorded by a Seabird SBE19+ CTD, equipped 
with additional sensors for fluorescence (Seapoint Chlorophyll Fluorometer), oxygen (SBE 43, 
Seabird) and photosynthetic active radiation (PAR, Li-Cor 190SA quantum Q, Li-Cor). Partial 
pressure of carbon dioxide (pCO2) was measured in situ using the HydroC™ Carbon Dioxide 
Chapter 2  
36 
 
Sensor (Contros, Germany) at six water depths (1, 5, 10, 20, 30, 40 m). At every depth the 
HydroC sensor was equilibrated for 2-5 min until a stable reading was obtained. The relative 
standard deviation (RSD) of the pCO2 measurement has been estimated to be 1% (Fietzek et 
al., 2014). Additionally, discrete water samples were collected using a 5 L Niskin water sampler 
at 1, 5, 10, 20, 30 and 40 m. Water was collected from the Niskin bottle using Tygon tubing for 
the determination of oxygen concentrations using Winkler titration, which were used to calibrate 
the CTD oxygen optode. Water samples for chlorophyll a (Chl a) analysis were filtered (500 mL) 
through 25 mm GF/F filters (Whatman, nominal pore size of 0.7 µm). Filters were placed in 10 
mL 96 % ethanol for 18 to 24 hour and chlorophyll fluorescence in the filtrate was analyzed 
using a fluorometer (TD-700, Turner Designs) before and after addition of 200 μL of HCl 
solution (1 M). Chlorophyll a concentrations were used to calibrate the CTD fluorescence 
values. Chlorophyll a readings were converted to Chl a - based carbon (Chl-C) using a carbon 
to Chl a ratio by weight of 40 g:g (Lorenzen, 1968) for comparison with collected zooplankton 
biomass during the May research cruise. Subsamples (10 mL) for nutrients (phosphate, 
ammonium, nitrite, nitrate) were filtered through 0.45 µm filters (Q-Max GPF syringe filters) and 
frozen until further analysis. Nutrient concentrations were measured using standard colorimetric 
methods on a Seal QuAAtro auto analyzer. DIN (dissolved inorganic nitrogen, µM) is quantified 
as sum of ammonium, nitrite and nitrate. 
 
Satellite images (MODIS Terra/Aqua and Landsat-8 courtesy of the U.S. Geological Survey) 
were analyzed to monitor the sea ice extent over the sampling period. Air temperature, wind 
speed and direction and solar irradiance data were obtained from the meteorological stations in 
Kapisillit and Nuuk (Asiaq, Greenland Survey). All processing of data was done in the open-
source programming language R (R Core Team, 2013). Interpolation of the data was done and 
resulting contour plots were produced using the R extension package Akima (Akima et al., 
2006).   
 
2.4 Results 
2.4.1 Ice conditions and weather conditions in the inner fjord 
During winter, the inner part of Godthåbsfjord, Kangersuneq, is usually covered with sea ice. 
Satellite images confirm the presence of a complete sea ice cover in Kangersuneq in March 
2013 (Figure 2.2A). However, higher air temperatures prevailed from mid-March to early April 
2013 (Figure 2.2B), and this led to an early breakup of a large fraction of the sea ice in 2013, so 
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that large parts of Kangersuneq were ice free by early April (Figure 2.2A). The early breakup of 
the ice mélange in front of the Narsap Sermia glacier terminus resulted in a limited release of 
glacial ice into the fjord during April (Figure 2.2A). From mid-April to mid-May, air temperature 
decreased and only small changes of the ice conditions in the fjord were observed (Figure 
2.2A,B).  
 
 
Figure 2.2: Physical conditions in Godthåbsfjord. A. Temporal evolution of the sea ice conditions in 
Kangersuneq area as derived from the MODIS (Moderate Resolution Imaging Spectroradiometer) 
instrument aboard the Terra/Aqua satellites. The yellow dot indicates the Kapisillit meteo station as 
reference point. The yellow arrows indicate the plume of icebergs released by the Narsap Sermia glacier. 
B. Air temperature (°C) as recorded from Kapisillit meteo station. The red line represents a moving 
average with a filter length of 4 days. C. The wind rose as recorded at the Kapisillit meteo station reveals 
a notable change in the wind direction between March-April and May-June.  
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During winter (January to April), the dominant wind direction in inner fjord was from northeast to 
east, i.e., outwards of the fjord. Ice not being land fast was consequently blown out of the fjord, 
as evident from satellite images (Figure 2.2A) as well as visual observations during sampling.  
 
In Mid-May, the air temperature gradually increased in Kangersuneq, the wind speed became 
more variable and the wind also gradually changed direction, with southwesterly winds 
prevailing by the end of May, i.e. directed into the fjord and towards the glaciers (Figure 2.2C). 
As illustrated by the satellite images (Figure 2.2A, June 8th), glacial ice released from Narsap 
Sermia was now transported further into the fjord, opposite to the outward transport earlier in 
spring. Presence of a stable ice mélange in the innermost part of the fjord still prevented calving 
of the KNS glacier terminus. However warm air temperature eventually led to the breakup of the 
ice mélange in front of KNS around June 10th. 
 
2.4.2 Temporal and spatial variability of the spring bloom 
After the breakup of the sea ice in Kangersuneq in early April 2013, the inner fjord became 
accessible and monthly sampling campaigns were now initiated at stations GF10, GF13 and 
GF17 (Figure 2.1). These surveys revealed substantial spatial gradients of hydrographic and 
biogeochemical parameters in the inner part of the fjord (Figure 2.3,2.4). In April, water 
temperatures at all three stations increased with depth. In the upstream stations GF13 and 
GF17, temperature was ~0 °C at the surface and increased to 2 °C at 60 m depth, while at the 
downstream GF10 station, the surface water was slightly warmer (~1.5 °C), but had the same 
temperature at depth (Figure 2.3). Salinities varied around ~33.2 at 60 m depth at all stations, 
while the surface water showed a small decrease in salinity towards the glaciers, ranging from 
32.5 at GF10 to 32.0 at GF17 (Figure 2.3). Stratification was thus largely comparable at all three 
stations (Figure 2.3 as density is mainly driven by salinity). Despite the similarity in physical 
conditions, a strong biogeochemical gradient existed between GF17 and GF13, separated by ~ 
50 km (Figure 2.3,2.4).  
 
At the downstream stations GF10 and GF13 a spring bloom occurred as indicated by elevated 
chlorophyll a concentrations (subsurface maximum of 10 and 15 µg L-1 at GF10 and GF13, 
respectively). In contrast, at station GF17, which is located more upstream and less than 25 km 
away from the KNS summer terminus, no sign of a spring bloom was apparent as chlorophyll a 
concentrations were very low (< 0.1 µg L-1, as observed in the CTD fluorescence and 
independently verified by discrete water samples). This large difference in biological activity was 
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also reflected in the chemical parameters (Figure 2.4). The strong bloom at station GF10 and 
GF13 was confirmed by the low DIN concentrations in the upper water column, reduced pCO2 
values in the surface layer, and signs of oxygen production (a surface and subsurface O2 
oversaturation of  at GF13 and GF10, respectively). The O2 profiles were similar in shape as the 
Chl a profiles, thus confirming primary production. In contrast, at station GF17 close to the KNS 
glacier terminus, no sign of nutrient consumption was observed in the upper water column, 
while the oxygen remained undersaturated throughout the upper water column (O2 
concentrations ~300 µM, i.e. 85 % saturation). The absence of primary production in the inner 
fjord station GF17 could not be attributed to light limitation because the euphotic depth (depth 
where 1% light remained) was substantially deeper at GF17 (~31 m) than at GF10 (~14 m) 
where a subsurface Chl a maximum was present. 
 
 
Figure 2.3: Temporal evolution of temperature (°C), salinity and fluorescence (calibrated versus 
chlorophyll a in µg L
-1
) in stations GF10, GF13 and GF17 over 3 months (sampling dates: April 9
th
, May 
8
th
 and June 3
rd
 2013). 
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At the beginning of May, physical conditions at all stations were still comparable to those 
observed in April (Figure 2.3). Continued primary production at station GF13 gave rise to a 
further reduction in nutrient levels in the surface layer and a subsurface Chl a maximum was 
observed at station GF10. At the upstream station GF17, no sign of primary production activity 
was yet observed: Chl a values remained low, nutrient concentrations and pCO2 was high, and 
oxygen stayed below saturation in the upper water column (Figure 2.4). 
 
 
Figure 2.4: Temporal evolution of partial pressure of CO2 (µatm), oxygen (% of air saturation), DIN 
(dissolved inorganic nitrogen, µM) in stations GF10, GF13 and GF17 over 3 months (sampling dates: 
April 9
th
, May 8
th
 and June 3
rd
 2013). 
 
From the end of May and onwards, important changes in the physical settings occurred at all 
three stations (Figure 2.3 and 2.5). The temperature of the upper 15 m increased and a 
subsurface temperature minimum developed between 10 and 20 m. This subsurface minimum 
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was most pronounced in station GF17 closest to the KNS glacier terminus (minimum 
temperature of -1 °C at 18 m depth). In the inner part of the fjord (station GF17), the water layer 
between 15 and 60 m also showed a clear cooling compared to previous months, linked to cold 
water input from the KNS terminus (Figure 2.3 and 2.5). Salinity profiles at the downstream 
stations GF10 and GF13 remained unchanged, but at GF17, a freshening of the upper 60 m of 
the water column occurred linked with melting of sea ice and glacial ice and due to runoff. 
 
For the first time, high Chl a values (~15 µg L-1) were observed at the inner station GF17, which 
were concentrated in a narrow subsurface maximum around 15 m. Concurrently, an 
oversaturation of oxygen (130 %), a strong reduction in pCO2 (~150 µatm) and strong nutrient 
depletion suggested strong primary production at GF17 (Figure 2.4). Together, these data 
indicated that the spring bloom had finally started at GF17, two months later than the two 
downstream stations. At the same time, primary production activity continued at stations GF10 
and GF13, generating subsurface Chl a maxima (up to 20 µg L-1 in GF13), low surface pCO2, 
high O2 and low DIN in the surface water layer (Figure 2.4).  
 
 
Figure 2.5: Length section of temperature (top) and salinity (bottom) for transects in Godthåbsfjord during 
early May (May 10
th
) and June (June 4
th
) from glacier (Right) to head of fjord (Left). 
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2.4.3 Biogeochemical gradients in the fjord system during the spring bloom 
In addition to the monthly sampling at the three fjord stations, a hydrographic survey was carried 
out in May 2013 along a transect from the continental shelf to the inner fjord revealing 
substantial spatial variability (Figure 2.6). In the central and inner part of the fjord (GF5 to 
GF18), warm (1.75 - 2°C) and saline (~ 33.4) water was found at depth characterized by low 
oxygen concentrations (80-85% air saturation; Figure 2.6). Temperature and oxygen transects 
revealed upwelling of this warmer, and oxygen-depleted water mass in the inner part of the fjord 
(GF15 to GF18; Figure 2.6). Salinities (~ 32) were only slightly lower in the upper water column 
in this fjord section, indicating limited ice melt and/or limited freshwater runoff. Towards the 
mouth of the fjord (GF4 to GF10), salinity and temperature of the surface layer gradually 
increased. The oxygen levels in the upper water column showed also a downstream increase, 
from undersaturation in the inner part of the fjord (85 %) to oversaturation (110 %) at the mouth 
(Figure 2.6). Close to the entrance of the fjord (GF1 to GF4), tidal mixing in the outer sill region 
annihilated stratification and homogenized the entire water column thus generating uniform 
temperature and salinity profiles with depth (Figure 2.6). At the continental shelf (Fyllas Banke 
stations FB1 to FB3.5), a warm (> 2 °C) and saline (~34) water mass was present deeper than 
150 m, overlain by a pycnocline between 75 and 150 meters water depth that marked the 
transition to colder (~ 0.5 °C) and slightly fresher (~33.4) surface water.  
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Figure 2.6: Length section of Salinity (left), Temperature (°C, middle), Oxygen (% air saturation, right) in 
Godthåbsfjord during the May 2013 cruise from Fyllas banke shelf region (Left) to the KNS glacier 
terminus (Right). The top panel shows a zooms in on the upper 50 meter. 
 
In the innermost part of Godthåbsfjord close to the glaciers (GF17), high nutrient concentrations 
were observed in the upper water column (Figure 2.7). Combined with favorable deep light 
penetration, such high nutrient conditions would normally lead to the development of a 
phytoplankton bloom. However, the expected buildup of phytoplankton biomass and the 
associated consumption of nutrients were only observed downstream near the stations GF13, 
where high chlorophyll a concentrations were present in the upper 10 meter. Further 
downstream in the central part of the fjord (GF10 to GF5), nutrients became gradually depleted 
in the surface layer, and as a result, the bloom was displaced to deeper water depths (20 - 40 
m), giving rise to subsurface Chl a peaks (concentrations ~ 5-6 µg L-1). Strong tidal mixing in the 
outer sill region (GF1 to GF5) induced a small increase in nutrient concentrations, but Chl a 
concentrations remained low in the outer sill region, presumably due to strong downward mixing 
of cells below the photic zone (Figure 2.7). Starting from the inner fjord (station GF19), the total 
phytoplankton biomass (integrated over the upper 40 meter, Figure 2.7) shows a gradual 
buildup towards a maximum of 7 - 8 g C m-2 in the central part of the fjord followed by a 
decrease towards the mouth of the fjord. The depth-integrated zooplankton biomass recorded 
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during the same spatial survey exhibited a similar spatial pattern, with a peak in krill biomass 
around GF10 (0.38 g C m-2) and maximum in copepod biomass around GF7 (0.84 g C m-2) as 
observed by Teglhus et  al. [2014] (Figure 2.7).  
 
Figure 2.7: Length section of nitrate (µM; A) and phosphate (µM; B), chlorophyll (µg L
-1
; C) and 
integrated phytoplankton and zooplankton biomass (mg C m
-2
; D) in the Godthåbsfjord fjord obtained 
during May 2013 cruise from mouth of the fjord (Left) to the KNS glacier terminus (Right). Zooplankton 
biomass (mg C m
-2
; D) is redrawn from Teglhus et al. [2014].  
2.5 Discussion 
Typically, the spring bloom accounts for a major part (50-60 %) of the total annual primary 
production in high latitude fjord systems (Juul-Pedersen et al., 2015; Meire et al., 2015; 
Sakshaug, 2004) and hence it is crucial to understand the environmental factors that drive the 
timing and dynamics of these spring bloom events. The early breakup of sea ice in the inner 
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part of Godthåbsfjord in 2013 offered a unique opportunity to make spatial and temporal 
observations of the spring bloom dynamics, as it allowed us for the first time to sample all the 
way to the edge of the marine terminating glaciers in spring. The traditional view of spring 
blooms in fjords states that the bloom develops first in the inner part of the fjord, as this region is 
generally more stratified, and that the bloom subsequently extends downstream (Syvitski et al., 
1987). However, our dataset does not fully align with this conceptual model, as we observed 
that the spring bloom was delayed by almost two months in the innermost part of the fjord. 
Instead, our findings suggest that the intensity and location of the spring bloom in Godthåbsfjord 
is controlled at least by the interplay of three physical factors: (1) the presence of sea ice (2) the 
upwelling strength of nutrient-rich water and (3) the wind forcing. Firstly, we will discuss the role 
of these different physical drivers for upper layer circulation during winter and spring months, 
and subsequently, we will elaborate on the implications for the primary production and 
biogeochemistry within the fjord. 
 
2.5.1 Circulation in Godthåbsfjord during spring  
The surface water flow and hydrodynamic circulation in Godthåbsfjord in spring is determined 
by an interaction between different physical forcings, mainly density-driven inflows, wind forcing 
and runoff. During winter and early spring, inflows of coastal water are observed in 
Godthåbsfjord, driven by density differences (which are mainly determined by salinity) between 
the shelf and the fjord (Figure 2.6). These inflows occur sporadically from October to April/June 
and their occurrence is linked to variations in the coastal current system and the West 
Greenland Current (Mortensen et al., 2011, 2014).  Following the inflow of dense coastal water, 
density increases in the fjord during winter and early spring  renewing the  bottom water with 
intruding saline/dense waters as observed previously by Mortensen et al. [2011, 2014]. This 
causes a gradual removal of low saline surface water that had accumulated during the summer 
melt of the previous year and also induce upwelling into the inner parts of fjord, and as a result, 
the upper fjord waters are pushed outwards (Figure 2.3, 2.6). 
The inner part of Godthåbsfjord is normally covered with sea ice during winter months which 
was also the case during winter and early spring of 2013. This shelters the surface waters from 
the surface stress from wind (Figure 2.2 and 2.8). However sea ice broke up earlier than normal 
in late March 2013 (Figure 2.2), and from this moment onwards, fjord winds were able to act on 
the surface circulation. This wind impact on surface circulation can be substantial in fjords 
inducing either upwelling or downwelling (Asplin et al., 1999; Cottier et al., 2010), as observed 
as well in Kongsfjorden in Svalbard (Svendsen et al., 2002). During winter, the combination of a 
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cold Greenland Ice Sheet with a relatively warm coastal water drives an out‐fjord wind regime in 
Greenland’s fjords (Bromwich et al., 1996) and also Godthåbsfjord is characterized by intense 
fjord winds due to the strong local gradients (Mortensen et al., 2011). Commonly, these winds 
are steered along the curved fjord axis due to the steep orography. This strong out-fjord wind 
pattern likely enhances the outflow of the surface water in spring and supports the upwelling of 
deeper water in the inner fjord system. This was also apparent in our observations in early 
spring 2013, when Godthåbsfjord was characterized by an out-fjord wind and upwelling in the 
inner fjord, a process that lasted until mid-May (Figure 2.8A,B). These out-fjord winds also 
impacted the iceberg transport within the fjord. Until mid-March 2013, the presence of a sea ice 
mélange kept icebergs trapped at the glacier termini. The breakup of the ice mélange in front of 
Narsap Sermia typically marks the start of iceberg calving season. As evident from satellite 
images (Figure 2.2A), the calved icebergs from Narsap Sermia were exported quickly out of the 
fjord during April-May by the dominant out-fjord winds.  
 
During mid-May 2013, the dominant wind direction changed from out-fjord to in-fjord driven by 
more intense heating in the inner part of the fjord (Figure 2.2C). This wind circulation is 
characteristic for late spring and summer in Godthåbsfjord. At the end of spring, density-
dependent inflows of shelf water also started to weaken, observable as isopycnals remained 
relatively stationary after May 2013 (Figure 2.5). This weakening of coastal inflows is in late 
spring is a reoccurring pattern as observed by ADCP measurements earlier (Mortensen et al., 
2014). Combined with the change in the dominant wind direction (Figure 2.2C), this reversed 
the circulation in the upper layer of the inner fjord (Figure 2.8). Contrary to the previous months, 
icebergs were also no longer transported downstream, but as satellite images revealed, 
icebergs were actually transported into the fjord (Figure 2.2A). In this new circulation pattern, 
warm (solar heated) surface water was now transported towards the KNS terminus (Figure 2.5), 
and the presence of a subsurface mass of cold water (at 10 to 30 meter) at the KNS terminus 
indicated that strong glacial or sea ice melting occurred at the terminus. During May, the glacial 
melt season had not really started yet, as the discharge of glacial rivers still was low (Van As et 
al., 2014). But aside direct solar heating (and higher air temperatures, Figure 2.2B), wind driven 
advection of warm surface water is another potential heat source for melt of the ice mélange at 
the glacier termini (Figure 2.3,2.5). Based on these observations we propose a second 
circulation pattern for late spring, which is characterized by an in-fjord wind and reduced 
upwelling in the inner fjord, and which induce a counter-flow just below the stratified surface 
water (as depicted in Figure 2.8C). 
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Figure 2.8: Conceptual model of winter, early (April-May) and late (End of May-June) spring circulation in 
the fjord and its effect on spring bloom dynamics. 
 
 
2.5.2 Development of the spring bloom in Godthåbsfjord  
Our data revealed a clear pattern in the timing and spatial extent of the spring bloom in 
Godthåbsfjord, which can be linked to changes in water circulation as described above. Light 
limitation and increased vertical mixing generally prevents the development of a spring bloom in 
winter where Chl a concentrations are low (< 0.1 µg L-1) (Juul-Pedersen et al., 2015; Meire et 
al., 2015). Increased solar radiation combined with increased stratification due to limited melting 
of the calved icebergs in the fjord and runoff due to snow melt in spring subsequently creates 
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favorable conditions for a phytoplankton bloom (Figure 2.2A,2.3). The spring bloom started to 
develop in the Godthåbsfjord system in April 2013, though not at the innermost stations close to 
the KNS glacier terminus (Figure 2.4). Despite comparable stratification conditions and light 
levels, a strong spatial gradient was observed. From early April until May, a continuous 
phytoplankton bloom was observed at station GF10 and GF13, while over the same period, Chl 
a concentrations remained low at GF17 (located ~50 km upstream). Our hydrographic surveys 
indicated that upwelling occurred in the inner fjord section (close to GF17), which supplied 
nutrient-rich water to the upper water column during the spring months (Figure 2.4,2.6). This 
provided a continuous supply of nutrients needed to sustain the spring bloom in the fjord system 
(Figure 2.8B), which was both extensive (covering fjord section from G10 and GF13) and 
prolonged (April-June) in nature. The observed patterns in primary production are further 
supported by undersaturation of oxygen and relatively high pCO2 levels close to station GF17, 
while oxygen oversaturation and low pCO2 levels were observed at the downstream stations 
(GF10 and GF13) (Meire et al., 2015).  
 
So why did the spring bloom not develop close to glacier, i.e. at station GF17? The deep 
nutrient-rich water that upwells in the inner fjord section is low in phytoplankton spores as 
indicated by the very low chlorophyll values and cell counts at GF18 (~3000 cell L-1 observed 
during May cruise on RV Sanna). Therefore, we hypothesize that absence of a phytoplankton 
algae bloom at the inner most station GF17 is due to a combination of delayed algal growth and 
the continuous surface outflow of recently upwelled bottom water. While the surface water flows 
downstream, the phytoplankton population gradually builds up from a low seeding population, 
and so the actual bloom only manifests itself downstream at GF13 and further towards the 
mouth of the fjord (GF10 and beyond). Based on a doubling time of 0.6 per day for diatoms at 
0°C (Eppley, 1972) and with observed chlorophyll a values of 0.1 µg L-1 at GF17, it is possible to 
estimate the distance for a bloom to develop. Assuming no grazing, it takes 10-12 days to reach 
Chl a values of 5 to 10 µg L-1. With an estimated surface current in Godthåbsfjord of around 5 
cm s-1, this implies it takes a distance of ~ 50 km for the bloom to develop. This estimate closely 
matches the distance between the GF17at KNS terminus and station GF13, where the bloom 
was noticeable. 
 
High phytoplankton biomass was only observed at GF17 at the end of May, indicating that the 
spring bloom did eventually initiate at this station, albeit with a delay of almost two months. In a 
period of 20 days, nutrients were strongly depleted in the upper 10 meter at station GF17, while 
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a strong oversaturation in O2 and an undersaturation in CO2 developed (Figure 2.4). These 
observations match with the observed circulation changes in the upper layer (section 2.4.1; 
Figure 2.8C), where surface water was driven towards the inner fjord.  
 
2.6 Conclusion and outlook 
Local upwelling driven by density inflows in combination with fjord winds resulted in an outward 
transport of surface water in Godthåbsfjord during spring. This circulation pattern plays an 
important role in the spring bloom dynamics of the fjord system (Figure 2.8). The upwelling of 
nutrient rich water in the inner part of the fjord delays a phytoplankton bloom close to the glacier 
termini but promotes the buildup of a high phytoplankton biomass in the central part of the fjord 
(Figure 2.4,2.7). Biological uptake causes a gradual depletion of nutrients in upper water layer, 
which then leads to a concomitant decrease in plankton biomass as one move towards the sill 
region (Figure. 2.7). The prolonged and intense phytoplankton bloom in the fjord forms an 
important food source for higher trophic levels and sustains a high zooplankton biomass (Arendt 
et al., 2010; Teglhus et al., 2014) (Figure 2.7). Previous surveys undertaken during spring 
support this observed spatial pattern in phytoplankton production. A study by Arendt et al. 
[2010] shows a similar upwelling in the inner fjord region of Godthåbsfjord with a subsequent 
“delayed” development of a phytoplankton bloom downstream. Due to this circulation patterns, 
the food web is structured from within the fjord which forms a likely explanation why the 
plankton community structure in Godthåbsfjord is distinct from the shelf areas. Data from the 
Marin Basis monitoring program (http://nuuk-basic.dk/monitoring/marinebasis) at the mouth of 
Godthåbsfjord support the hypothesis that a large fraction of the biomass is exported towards 
the mouth of the fjord, and dispersed throughout the entire water column due to strong tidal 
mixing within the sill region (Juul-Pedersen et al., 2015). A similar study in Kongfjorden 
(Svalbard) also observed a strong relation between spring bloom and coastal inflows in the fjord 
where differences in the timing and characteristics of the inflowing water have major 
implications on timing and extent of the spring bloom (Hegseth and Tverberg, 2013). Therefore, 
future changes in fjord circulation patterns linked to a change in sea ice cover and changes in 
dominant winds can have large implications on spring bloom dynamics in high latitude fjord 
systems.  
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3 High dissolved silica export from the Greenland Ice Sheet sustains 
diatom productivity in adjacent coastal waters 
 
Lorenz Meire, Patrick Meire, Eric Struyf, Diana Krawczyk, Kristine Arendt , Jacob Yde, Thomas 
Juul Pedersen, Mark Hopwood, Søren Rysgaard, Filip Meysman, In review  
 
3.1 Abstract 
Silica is an essential nutrient for marine life and plays a key role in the biogeochemical cycling of 
the ocean (Tréguer and De La Rocha, 2011). Glacial activity stimulates silicate rock weathering 
(Anderson, 2007), generating dissolved silica that is exported to coastal areas along with 
meltwater. The magnitude of silica export from large Arctic glacial areas, such as the Greenland 
Ice Sheet, is presently poorly quantified and not accounted for in global silica budgets (Dürr et 
al., 2011). Here, we present hydrographic and biogeochemical data from two fjord systems 
adjacent to the Greenland Ice Sheet, which reveal a large export of dissolved silica by glacial 
meltwater relative to other macro-nutrients. When this silica-rich meltwater mixes with upwelled 
deep water, the growth of diatoms is sustained relative to other phytoplankton groups, thus 
providing a high quality food source for higher trophic levels. Up-scaled to the entire Greenland 
Ice Sheet, the export of dissolved silica to adjacent coastal areas equals 22 ± 10 Gmol Si yr-1, 
and this value could increase 160% by the year 2100 following projections of accelerated mass 
loss from the Greenland Ice Sheet. This increased silica export may substantially affect 
phytoplankton communities and carbon cycling in Greenland’s coastal ecosystems.  
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3.2 Main text 
Silica plays a crucial role as a macro-nutrient in marine biogeochemistry and the export of silica 
from terrestrial environments is essential to sustain the diatom-fueled carbon pump in the ocean 
(Dürr et al., 2011; Tréguer and De La Rocha, 2011). Riverine input and submarine groundwater 
discharge are the dominant supply pathways of dissolved silica (DSi) to the ocean, 
compensating the burial of biogenic silica on continental shelves and in abyssal plains (Tréguer 
and De La Rocha, 2011). The Arctic ocean is one of the few oceanic regions that has a 
significant “terrestrial imprint” on silica cycling (Bernard et al., 2011) as the large rivers that drain 
the Siberian and Canadian plateaus supply high loads of silica (around 0.33 Tmol Si yr-1 or ~ 5 
% of global riverine DSi input), thus leading to elevated silicate concentrations on the inner 
shelves, where silica can be a limiting nutrient for diatom production (Carmack et al., 2004). 
Glacial meltwater forms a second important source of freshwater to high latitude coastal areas 
(Bamber et al., 2012), yet the nutrient export accompanying meltwater release from large glacial 
systems, such as the Greenland Ice Sheet (GrIS), and its effects on the productivity of high-
latitude coastal ecosystems are not well constrained. Glaciers play a potentially important role in 
global biogeochemical cycles, as physical and chemical weathering by glaciers releases large 
quantities of ions to the coastal zone (Anderson, 2007; Apollonio, 1973). Dissolved silica is the 
major end product of silicate rock weathering and an important macro-nutrient, but DSi export 
from the GrIS has not been quantified, nor has the impact of the GrIS on silica cycling and 
productivity in adjacent coastal areas. Here we present data from two fjord systems adjacent to 
the GrIS, supplemented with existing data from other meltwater rivers around Greenland, which 
reveal a large export of DSi relative to other macro-nutrients. The enrichment of silica in the 
glacial meltwater favors diatoms thus generates a high quality food source for higher trophic 
levels in the food web of Greenland’s fjord ecosystems.  
 
Young Sound (northeast Greenland) is a sill fjord system affected by meltwater inflow solely 
derived from land-terminating glaciers, while Godthåbsfjord (southwest Greenland) receives 
meltwater from both land-terminating and marine-terminating glaciers (Fig. 1a,b). 
Oceanographic surveys carried out in summer, when glacial meltwater runoff is strongest 
(Young Sound, August 2012; Godthåbsfjord, August 2013), reveal a shallow surface layer of low 
salinity and a strong halocline between 5 and 10 meter water depth (Fig. 1c,d), confirming the 
strong imprint of glacial meltwater on both fjord systems during the summer months (Bendtsen 
et al., 2014; Mortensen et al., 2013). Alongside this input of freshwater, a plume with elevated 
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DSi concentrations is apparent in the surface waters of both fjord systems (Fig. 1e,f). In Young 
Sound, DSi concentrations show a clear increase towards the inner part of the fjord where 
glacial meltwater enters the fjord system (DSi ~ 15 µM at salinity < 5). Increased DSi 
concentrations at depth are only observed at the innermost station, which receives highly turbid 
waters from glacial rivers, suggesting DSi release from settling sediment of glacial origin (Fig. 
1f).  
 
Figure 3.1: Overview map of Godthåbsfjord, SW Greenland (a) and Young Sound, NE Greenland (b) 
indicating the location of sampling stations. Panels c and d show the salinity in the upper 40 m of the 
water column in Godthåbsfjord (c) and Young Sound (d) along a transect from the glaciers (Right) to the 
shelf area (Left). Panels e and f present the distributions of DSi concentration (µM) in Godthåbsfjord (e) 
and Young Sound (f). The white dashed line indicates the mouth of the fjord. 
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A similar pattern is observed in Godthåbsfjord, where surface DSi concentrations increase to 
~30 µM at salinity < 5 in the inner part of the fjord. Yet, while Young Sound is only subject to 
surface meltwater runoff from land-terminating glaciers, Godthåbsfjord is also characterized by 
subglacial meltwater discharge from marine-terminating glaciers, which explains the secondary 
increase in DSi (~6-8 µM) at 20-40 meter depth, creating a subsurface DSi plume that extends 
far into the fjord (Fig. 1e). Buoyant meltwater plumes entrain large volumes of deep fjord water, 
typically 10 to 30 times the volume of the rising meltwater plume (Mortensen et al., 2013). 
These subglacial meltwater plumes form a second supply route of both silica and other macro-
nutrients (nitrate and phosphate) as bottom water is upwelled close to the glacier termini 
(Bendtsen et al., 2015). Finally, melting icebergs, calved from the marine terminating glaciers in 
Godthåbsfjord, form a third supply route for DSi. While surface and subglacial discharge provide 
direct inputs of DSi near the glacier termini, icebergs can be transported over large distances 
(also out of the fjord system), thus providing a potential source of DSi off-shore. Samples 
collected from melting icebergs in Godthåbsfjord (n=30) revealed a large variability in DSi 
concentrations, ranging from below detection limit in clear ice samples up to 18 µM in debris-
rich ice samples. Melting of icebergs, represents around 22 % of the total meltwater input into 
Godthåbsfjord(Van As et al., 2014). With an intercept of 28 µM for the DSi-salinity relation (Fig. 
S2), a two-end member mixing model (78 % surface runoff at ~ 33 µM, 22% iceberg melting) 
yields a mean DSi concentration of 13 µM in the bulk ice (Sup.Mat.). A silica budget for the 
surface layer in inner part of Godthåbsfjord suggest that solid ice discharge represents 9 % of 
total DSi input into Godthåbsfjord, while 79 % is attributed to surface meltwater runoff and 12 % 
to subglacial freshwater discharge (Sup.Mat.).  
 
Presently, Greenland largely forms a blind spot on the world map in terms of silica cycling. 
Elevated silicate concentrations, reflecting meltwater derived silica input, are not restricted to 
the two fjords examined here, but can be observed in glacial rivers all around the GrIS. A 
compilation of data from different meltwater rivers in Greenland (Sup.Table 1) shows a range of 
DSi concentrations in glacial rivers from 5 to 280 μM, where rivers draining granitic and gneissic 
rocks have lower concentrations (5-50 μM) and basaltic rocks, such as those at Kuannersuit 
Kuussuat (Disko Bay area), are associated with higher DSi loadings (~280 μM)(Yde et al., 
2005). Hence, DSi concentrations in glacial meltwater strongly depend on bed rock geology and 
the interaction time between ice or subglacial water and bedrock (Aciego et al., 2015). Based on 
this data compilation (Sup.Table 1), we were able to derive for the first time a DSi budget for the 
GrIS. The largest fraction of the meltwater flux from the GrIS (~600 km-3 yr-1) derives from 
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calving of icebergs and the remaining part (~400 km-3 yr-1) is due to subglacial and surface 
runoff (Bamber et al., 2012). Using these discharge estimates, we project a total DSi flux of 22 ± 
10 Gmol Si yr-1 (Sup.Table 1). Given the GrIS area of 1.710.000 km2, this translates into a DSi 
yield of 0.2 – 0.5 g Si m-2 yr-1, which is similar to yields from the Siberian Arctic (Dürr et al., 
2011). Note that these are conservative estimates as the GrIS drains large areas with basaltic 
rock formations that are likely associated with higher DSi concentrations (Henriksen et al., 2009; 
Yde et al., 2005). Our flux estimate of 22 Gmol Si yr-1, represents around 7 % of riverine DSi flux 
to the Arctic (Holmes et al., 2012), and represents 0.3 % of the global DSi input to the ocean 
(Dürr et al., 2011; Tréguer and De La Rocha, 2011). Accordingly, the impact of the Greenland 
Ice sheet is comparable to the DSi export of some of the major Arctic rivers (Yukon, 
Mackenzie).  
 
Unlike the large Canadian and Siberian rivers, which discharge onto wide continental shelves, 
the silicate input from the Greenland Ice Sheet is delivered into confined fjords. Accordingly, the 
question arises whether the DSi input from glacial meltwater has any effect on the primary 
production and/or phytoplankton composition in the fjords and coastal waters around 
Greenland? It has been speculated that glaciers may export significant quantities of nutrients, 
thus potentially stimulating primary production in the downstream ecosystems (Hawkings et al., 
2015). However, compared to DSi, the concentrations of phosphate (PO4
3-) and nitrate (NO3) 
are low in meltwater. Our measurements from the Saqqap Sermersua glacial river in 
Godthåbsfjord reveal maximum concentrations of 0.31 µM PO4
3- and 2.5 µM NO3
-
, thus 
providing a Si/N/P ratio of 112:8:1, which deviates strongly from the standard stoichiometry 
(Si/N/P = 15:16:1) of diatoms. Data from other meltwater rivers (Sup.Table 1) suggest a similar 
imbalanced input of macro-nutrients. This imbalanced input of nutrients is further confirmed by 
the surface water chemistry of the inner fjords in summer. While surface DSi concentrations 
were elevated near the glacier termini (~30 µM in Godthåbsfjord and ~15 µM in Young Sound), 
measured nitrate concentrations were low in the surface waters close to glacial discharge points 
(<1.0 µM in Godthåbsfjord and <0.1 µM in Young Sound). Hence, our observations demonstrate 
that the GrIS is likely not an important source of inorganic nitrate and phosphate, and the direct 
surface input of meltwater will not stimulate primary production within the fjords. Still, the high 
DSi export from the GrIS affects ecosystem functioning within adjacent coastal systems in a 
different way, through a “silica fertilization” effect on the phytoplankton composition. Our results 
suggest that glacial meltwater input enriches the surface water of Greenland fjords with silicate 
relative to nitrate and phosphate, thus favoring diatom growth. The location and timing of the 
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diatom blooms however strongly depends on the particular hydrography and upwelling patterns 
within the fjords.  
 
 
 
Figure 3.2: Conceptual model on the link between meltwater runoff rich in silicate and diatom blooms in a 
fjord system impacted by marine and land terminating glaciers (a,b). Integrated concentrations in the 
upper 40 m along a length transect in August from the inner fjord (right) to the open shelf area (left) in 
Godthåbsfjord (c) and Young Sound (d). For Godthåbsfjord both dissolved silica (DSi, black) and biogenic 
silica (BSi, blue) are shown, alongside the freshwater content (FW, red). The green dashed line indicates 
the mouth of the fjord. Panel e and f show the integrated chlorophyll a concentration (g m
-2
) and diatom 
biomass (in g C m
-2
) in the upper 40 m for Godthåbsfjord (e) and Young Sound (f). Note the different 
scaling for chlorophyll and diatoms biomass between Young Sound and Godthåbsfjord. 
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Young Sound showed a delayed phytoplankton response to the DSi input associated with the 
summer meltwater discharge. The inner part of the Young Sound fjord showed high DSi and low 
NO3 concentrations accompanied by low chlorophyll a values in the meltwater-impacted surface 
layer (Fig. 2d,f), indicating that phytoplankton productivity was low. The DSi concentration 
gradually diminished downstream coinciding with the decrease in freshwater content of the 
surface layer (Fig. 2d), suggesting that DSi enriched meltwater was conservatively mixed with 
DSi depleted saline water, and biological uptake of DSi was marginal in the inner fjord. Overall, 
primary production in Young Sound is low in summer and is limited by nitrate(Rysgaard et al., 
1999). As a result, the utilization of DSi by phytoplankton is postponed until the surface water 
reaches the entrance of the fjord, where higher chlorophyll a values indicate elevated primary 
production (Stations YS1 to YS3, Fig. 2f). Strong tidal mixing near the sill region brings up 
bottom water that is low in silicate but high in nitrate (Si/N/P=9:11:1). This increased availability 
of DSi in the surface layer resulting from glacial meltwater input could compensate for the DSi 
deficit of the bottom water, thus explaining the observed dominance of diatoms over other 
primary producers (Stations YS1 to YS3, Fig. 2f). As in Young Sound, primary production and 
diatom growth were stimulated in the outer sill and shelf region Godthåbsfjord, but in contrast to 
Young Sound, summer chlorophyll a values were also high close to the tidewater glaciers in 
Godthåbsfjord. Upwelling of nutrient-rich water due to subglacial freshwater discharge fuels a 
sustained intense phytoplankton bloom within the inner fjord (Arendt et al., 2011), characterized 
by high biogenic silica (BSi) (Fig. 2a,c,e). Deep fjord water upwelled through subglacial 
discharge is high in nitrate but low in DSi (Si/N/P=10:15:1), while DSi was highly enriched in 
surface water (Si/N/P=112:8:1). Diatoms accounted for up to 95 % of the biomass close to the 
glaciers (Fig. 2e) (Calbet et al., 2011a), and production occurred at elevated Si:N ratios (range 
of 1 to 20) within the interface between the surface and upwelled water masses (Sup.Mat.). The 
non-conservative behaviour of DSi from the surface layer indicates DSi uptake by diatoms, 
which suggests that melt-water derived DSi plays a structuring role in the phytoplankton 
composition. Both experimental studies(Gilpin et al., 2004) as well as coastal eutrophication 
studies (Conley et al., 1993; Humborg et al., 1997) have shown that elevated Si:N ratios can 
shift the taxonomic composition of algal assemblages towards diatoms. Accordingly, we 
advance that the supply of new nitrate from upwelling sustains primary production throughout 
the summer in the Godthåbsfjord, while the additional input of DSi from surface meltwater favors 
the growth of diatoms. This regulating role of silica is further corroborated by a recent cross-
system comparison  of the phytoplankton composition in the Godthåbsfjord (high Si input; 
diatoms ~86 % of the phytoplankton assemblage) and the Kapisillit fjord system (low Si input; 
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diatoms ~42 %) (Calbet et al., 2011a). A similar “boost” of diatom productivity has previously 
been observed in the northern North Atlantic, off the east coast of Iceland, where diatom blooms 
are prolonged by a supply of silicate from deep water, which is brought to the surface by 
unstable ocean fronts (Allen et al., 2005). 
 
The importance of the input of DSi rich glacial meltwater for summer diatom productivity is 
further illustrated by seasonal data on the biogeochemistry and phytoplankton composition in 
Godthåbsfjord (Fig. 3) at station GF10 (located in inner fjord close to the tidewater glaciers) from 
2013 and at the Marine Basic monitoring station GF3 (located in the mouth of the fjord). The 
start of the spring bloom in April 2013 invokes a rapid consumption of nutrients in surface 
waters by mainly diatoms, as supported by the observed increase in BSi and diatom cell counts 
(Fig. 3). High silica concentrations in the early phase of the spring bloom allow diatoms to 
dominate, but as the bloom progressed, DSi decreased below 2 µM, which has been shown to 
limit diatom growth (Egge and Aksnes, 1992). Matching the depletion of DSi in the upper water 
layer, a shift in species composition occurred and diatoms became less abundant (Fig. 3). The 
same temporal pattern is observed in the inter-annual phytoplankton succession at station GF3 
(Fig. 3) which consistently shows a shift from diatoms in early spring to haptophyte dominance 
in April-June, coinciding with the decrease of DSi in surface water (Juul-Pedersen et al., 2015; 
Krawczyk et al., 2015) (Fig. 3). In summer, new nutrients are resupplied to the surface layer 
through subglacial freshwater discharge (Fig. 3). Combined with the high input of DSi from 
surface runoff, a second diatom bloom is stimulated close to the tidewater glaciers, and diatoms 
then remain the dominant species throughout the summer (Fig. 3). As diatoms stimulate carbon 
export from surface layers (Klaas, 2002), this prolonged diatom bloom may explain previous 
observations of a high vertical sinking flux of chlorophyll a-based carbon (ranging from 40 to 89 
g C m−2 yr−1) and the strong CO2 sink in Godthåbsfjord (Rysgaard et al., 2012).  
 
With an estimated total meltwater discharge of 1000 km3 yr-1 (including both runoff and solid ice 
discharge) released in a narrow time span of only a few months, the coastal areas around 
Greenland are strongly impacted by the input of glacial meltwater (Bamber et al., 2012). As our 
data show, this large meltwater runoff, combined with a strong difference in DSi concentrations 
between the glacial meltwater (mean ~ 36 μM) and coastal waters (<10 µM) (Fig. 1) 
substantially impacts coastal biogeochemistry and phytoplankton community composition (Fig. 
2).  
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Figure 3.3: Temporal pattern of DSi (a, in µM), BSi (b, in µM), chlorophyll a (c, in µg L
-1
) and average 
nutrient concentration in the upper 20 m (d, in µM) based on regular sampling during the year 2013 in 
station GF10 located near to the outlet of the tidewater glaciers in Godthåbsfjord. Vertical lines (in a,b,c,d) 
indicate the period where DSi concentration is lower than 2 µM indicating DSi limitation. Panel e shows 
species composition during early spring (March-April), late spring (May-June, DSi limitation) and summer 
(July-August) at station GF10 during 2013 and Panel f shows the evolution of the contribution of diatoms 
to the phytoplankton concentration averaged over the period 2007-2011 from station GF3 in 
Godthåbsfjord.  
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Until now large Ice Sheets and glaciers have been considered inactive in global silica cycle 
budgets (Dürr et al., 2011), but accelerated mass loss off the Greenland Ice Sheet is currently 
occurring and is predicted to further increase in the coming decades (Rignot et al., 2011).  
 
Research at Leverett glacier (Kangerlussuaq; West Greenland) shows that DSi fluxes scale with 
meltwater discharge (Hawkings et al., 2015), and consequently, based on model projections of 
mass loss from the Greenland Ice Sheet, we project an increase in DSi supply to the coastal 
areas of up to 160% by the end of the 21th century (Sup.Mat.). As bottom water measurements 
indicate that DSi concentrations are limiting in Greenland coastal waters (Jensen et al., 1999), 
this increased DSi input may induce considerable changes in phytoplankton community 
structure, with an anticipated trend towards increased diatom abundance. Through ballasting, 
diatoms stimulate the carbon export from surface layers (Klaas, 2002), and as such, the 
increased DSi input will likely affect carbon cycling and sequestration in coastal areas adjacent 
to the Greenland Ice Sheet. 
 
3.3 Material and Methods 
3.3.1 Sampling site 
Godthåbsfjord (64°10’N, 51°44’W) is a fjord system located in southwest Greenland with a 
length of ~190 km covering a total area of 2013 km2 (Fig. 1). Meltwater input into the fjord 
originates from three marine-terminating and three land-terminating glaciers from the Greenland 
Ice Sheet. Recent hydrological simulations estimate the annual freshwater input to 
Godthåbsfjord to be 20-30 km3 yr-1 as meltwater runoff and ~ 10 km3 yr-1 as solid ice discharge 
in the period 2010-2012 (Mortensen et al., 2013; Van As et al., 2014). Young Sound (74°18’N, 
20°18’W) is a sill fjord in northeast Greenland with an area of 390 km2 and a length of ~ 90 km 
(Fig. 1). Three major glacial rivers discharge into the fjord with a combined discharge of 0.5 - 1.5 
km3 yr-1. 
 
3.3.2 Sample collection and analysis 
Samples for Godthåbsfjord were collected during a cruise in August 2013 along a length 
transect of 6 full stations (CTD + Niskin sampling) and 20 CTD stations covering the fjord and 
shelf area (Fig. 1). Presence of a dense ice mélange in August made sampling further than 
GF15 impossible in the fjord system. The dataset was further complemented by regular monthly 
sampling at one station (GF10) in the inner fjord system between January 2013 and December 
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2013. Samples in Young Sound were collected in August 2012 at 10 full stations and 30 CTD 
stations covering the fjord and open sea. At each station and time point, a CTD instrument 
(Seabird SBE19plus) equipped with additional sensors for fluorescence (Chlorophyll 
Fluorometer, Seapoint) recorded salinity and temperature depth profiles. Water samples from 
discrete depths were collected using 5 L Niskin bottles (KC Denmark research Equipment, 
Denmark) at eight water depths (1, 5, 10, 20, 30, 40, 100 and 400 m).  
 
Subsamples (10 mL) for nutrients were filtered through 0.45 µm filters (Q-Max GPF syringe 
filters) and frozen until analysis. Samples for nutrient analysis in solid ice were collected by 
hand from small boats and smashed in the lab. Small pieces (approximately 1 kg) were sealed 
and allowed to melt at room temperature and meltwater was analyzed. Nitrate and phosphate 
concentrations were measured using standard colorimetric methods on a Seal QuAAtro 
autoanalyzer. DSi concentrations from Godthåbsfjord were analyzed on a Thermo iCAP6300 
Duo-ICP. DSi samples at other locations/times (Godthåbsfjord May 2014; Hobbs Gletscher) 
were collected, handled and analyzed using the same method as described here. Phosphate 
and silicate samples from Young Sound were analyzed using a spectrophotometric approach 
whereas nitrate and nitrite were measured by vanadium chloride reduction. BSi analysis in 
Godthåbsfjord were performed on 200-500 mL sub-samples, filtered through 0.45 μm cellulose 
nitrate filters and air-dried at 20°C. Subsequently, concentrations of BSi were analyzed using a 
wet chemical digestion method in 0.1 M Na2CO3 on the filters for one hour, and subsequent 
analysis of the DSi concentration on a continuous flow analyzer (Skalar SAN CFA). Water 
samples (0.5 - 1 L) were filtered through 25 mm GF/F filters (Whatman, nominal pore size 0.7 
µm) for chlorophyll a analysis. Filters were placed in 10 mL 96 % ethanol for 18 to 24 hours and 
chlorophyll fluorescence in the filtrate was analyzed using a fluorometer (TD-700, Turner 
Designs) before and after addition of 200 μL 1 M HCl solution.  
 
Samples for phytoplankton analysis were collected by Niskin bottles (at 5, 10, 20 and 30 m in 
Godthåbsfjord and at 5-10 m depth and deep chlorophyll maximum or 20 m in Young Sound). At 
station GF3, triplicate vertical hauls were taken monthly from 60 m to the surface using a 20 µm 
mesh net as part of the Marine Basis monitoring program (http://nuuk-
basic.dk/monitoring/marinebasis). All samples were stored in amber glass bottles and preserved 
with Lugol’s iodine to a final concentration of 1 %. Sub-samples were studied using plate-
counting chambers using an inverted microscope. The samples were routinely rinsed, cleansed 
of organic material (hydrogen peroxide) and mounted in Naphrax® for an accurate identification 
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of species using a light microscope and scanning electron microscope. To eliminate observer 
bias the same person identified cells to species level. Cell counts were converted into carbon 
biomass using biovolume estimates based on species composition and measured cell sizes.  
The freshwater inventory in upper 40 m of the water column was calculated as: 
  𝐻𝑓𝑤 = ∫
𝑆𝑟𝑒𝑓−𝑆
𝑆𝑟𝑒𝑓
40 𝑚
𝑧=0 𝑚
𝑑𝑧 
using the reference salinity (Sref) of 35. Processing of data was done in the open-source 
programming language R. Interpolation of the data and contour plots were produced using the 
Akima package and OceanView package. 
 
3.4 Supplementary information 
3.4.1 Silica inputs into the inner part of Godthåbsfjord 
Using data from recently published meltwater and heat budget for Godthåbsfjord (Bendtsen et 
al., 2015; Van As et al., 2014), we constrained the DSi inputs to the surface water layer of inner 
Godthåbsfjord during the summer months of 2013. Dissolved silica is supplied to upper water 
layer (0-40 m) by three different mechanisms: (1) meltwater runoff, (2) ice discharge due to 
calving icebergs and (3) subglacial discharge. The total silicate loading JDSi (mol Si yr
-1) can be 
quantified as: 
JDSi = [DSi]MW  x Q MW + [DSi]ID  x Q ID + [DSi]SD   x Q SD    (1) 
Where [DSi]x is the mean concentration of DSi and Q is the associated discharge of freshwater 
for meltwater (MW), ice discharge (ID) and subglacial discharge (SD) . Uncertainties on the 
fluxes are obtained by standard error propagation techniques. 
 
[1] Meltwater runoff (MW). The total annual meltwater runoff into Godthåbsfjord has been 
estimated as QMW = 25 ± 5 km
3 yr-1 over the period 2010-2013 with a maximum runoff of 6 km-3 
month-1 during summer months (Van As et al., 2014). Samples collected from the meltwater 
river originating from the Saqqap Sermersua glacier in Godthåbsfjord show a mean DSi 
concentration of [DSi]MW = 33 ± 2 µM (Table S1). This yields an annual input of JMW = 825 ± 172 
x 106 mol Si yr-1 with a maximum monthly loading of 200 x 106 mol Si month-1 during summer. 
 
[2] Ice discharge (ID). The calving flux of the three marine terminating glaciers in 
Godthåbsfjord (Kangiata Nunaat Sermia, KNS; Akugdlerssuup Sermia, AS and Narssap 
Sermia, NS) has been estimated at ~ 10 km3 yr-1 for 2010 (Van As et al., 2014), without a 
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specification of the uncertainty. However, the estimate for the ice discharge by the KNS glacier 
(7.6 ± 1.5 km3 yr-1) indicates an uncertainty around 20 %. The largest fraction of calved icebergs 
(~70%) melts in the inner part of Godthåbsfjord (Bendtsen et al., 2015), thus yielding a 
meltwater input by ice discharge of QID = 7.0 ± 1.4 km
3 yr-1. DSi concentration in icebergs was 
estimated as [DSi]ID = 13 ± 15 µM from a two end member mixing model (see section 2.2.). This 
leads to an iceberg related loading of JID = 93 ± 105 x 10
6 mol Si yr-1. 
 
[3] Subglacial freshwater discharge. Analysis of the subglacial plume at the KNS glacier 
leads to a typical subglacial discharge estimate of ~10 m3 s-1 (Bendtsen et al., 2015), however 
subglacial discharge is difficult to quantify, and can vary substantially during summer months 
from 10 to 100 m3 s-1 (Bendtsen et al., 2015). When the freshwater flows out at the submerged 
base of glacier, it rises towards the surface and entrains large volumes of ambient seawater, 
typically in a 1:14 ratio, thus leading to an upwelling rate of 140-1400 m3 s-1 (Bendtsen et al., 
2015). We assume that subglacial discharge is active during the same period as surface 
meltwater runoff, i.e.,  ~ 3 months (Van As et al., 2014). Using an average subglacial freshwater 
discharge of 50 ± 40 m3 s-1 (reflecting the large uncertainty in subglacial discharge) and 
assuming a similar discharge for all three termini of marine terminating glaciers in the fjord, total 
subglacial discharge is: 
3 (marine terminating glaciers) x (50 ± 40 m3 s-1) x 14 (entrainment factor seawater) x 90 days x 
86400 s d-1 = 16 ± 13 km3 yr-1. 
With a bottom water concentration for DSi of ~ 8 µM (Station GF13, 400 m), the DSi input into 
the surface layer (where subglacial discharge water mass typically lies between 10-60 meter; 
Mortensen 2013) through subglacial driven upwelling  becomes:  JSD = 130 ± 106  x 10
6 mol yr-1. 
 
Consequently the contribution of icebergs is 9 ± 10 %, surface meltwater runoff represents 79 ± 
24 % and the contribution of subglacial discharge becomes 12 ± 10 %.This budget calculation 
indicates that the most important source for silica in surface layer is meltwater runoff.   
 
In a similar fashion, we constrained the nitrate input to the surface layer of the inner 
Godthåbsfjord, using 1 ± 1 µM as the nitrate concentration in both the surface meltwater and 
icebergs in Godthåbsfjord (Table S1) and 14 ± 1 µM as the bottom water nitrate concentration. 
This yields a total nitrate input of 261 ± 186  
x 106 mol N yr-1, of which  the contribution of icebergs is 3 ± 3 %, surface runoff 10 ± 12 % and 
subglacial discharge of 88 ± 94 %. 
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3.4.2 Annual export of dissolved silica from the Greenland Ice sheet  
Dissolved silica is supplied from Greenland Ice Sheet to the coastal zone through meltwater 
runoff and ice discharge. The contribution of deep water brought towards the surface through 
subglacial freshwater discharge is not taken into account as this DSi source mainly originates 
from entrained fjord water.  
JDSi = [DSi]MW  x Q MW + [DSi]ID  x Q ID    (2) 
In this, [DSi] is the mean concentration of DSi in surface meltwater (MW) and ice discharge (ID) 
respectively and Q is the associated discharge. The total annual discharge of the Greenland Ice 
Sheet has been estimated as QMW = 400 ± 80 km
3 yr-1 surface meltwater runoff and QID = 600 ± 
120 km3 yr-1 as solid ice discharge (Bamber et al., 2012). Relative error on these fluxes was 
estimated as 20 % based on uncertainty estimates from Bamber et al. (2012).  
 
Dissolved silica in meltwater runoff 
Data was compiled on DSi concentrations and meltwater discharge in glacial rivers from 
Greenland from literature sources, (Table S1). Based on compiled river discharge and DSi 
concentrations in glacial meltwater rivers, a discharge-weighted mean was calculated of [DSi]MW  
= 36 ± 10 µM. As a discharge-weighted mean is used, the mean DSi value for meltwater and 
DSi export is not so sensitive for large outlier as export from Kuannersuit Kuussuat (Area code 1 
with basaltic bedrock). However since the GrIS drains large areas with basaltic rock formations, 
these regions are likely associated with higher DSi fluxes which would increase the total export 
by the GrIS. 
For the uncertainty calculation, a relative error on the discharge and DSi concentrations based 
on uncertainty estimates from Bamber et al. (2012) and reported and measured uncertainties for 
the DSi concentrations (references Table S1).  
Combined with a meltwater runoff of QMW = 400 ± 80 km
3 yr-1, this yields a meltwater DSi flux of 
14 ± 5 Gmol yr-1.  
 
Dissolved silica in ice discharge 
A reliable estimate of DSi concentrations in icebergs is difficult as icebergs are rarely sampled 
and DSi concentrations show a large variability. Since 60 % of the discharge of the Greenland 
Ice Sheet can be attributed to solid ice discharge, the impact on DSi input by melted icebergs 
could be substantial. Direct sampling of 30 icebergs in Godthåbsfjord revealed a large variability 
in DSi concentrations (<0.1 - 18 µM, Table S1). As icebergs are very heterogeneous, deriving 
an average iceberg concentration is difficult especially since sediment loaded icebergs rapidly 
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melt in the vicinity of the inaccessible glacier terminus. In addition to direct sampling of icebergs, 
the mean DSi concentration of icebergs was estimated using a mixing model with two end 
members (marine water and glacially derived freshwater). Both meltwater runoff and iceberg 
melt contribute to elevated DSi concentrations in the freshwater influenced layer (1-2 meters 
depth) of inner Godthåbsfjord. DSi in the freshwater end-member (DSiFW) is hence quantified 
as:  
DSiFW = DSiMW  FMW + DSiID x (1-FMW)     (3) 
In this, DSiMW and DSiID are the DSi concentrations in meltwater and icebergs respectively and 
FMW is the fraction of surface meltwater to total freshwater input. 
[1] DSiFW: DSi in the freshwater (DSiFW) is quantified from the DSi-salinity relationship as 28.7 ± 
2.2 µM. This is estimated from the relationship between DSi and salinity (for salinities lower than 
25): DSi = 28.7 µM (± 2.2 µM) – 0.85 (±0.11)* Salinity (R-squared 0.6) (Fig. S4).  
[2] DSiMW: DSi concentration in surface meltwater runoff is [DSi]MW = 33 ± 2 µM (see section 1). 
[3] FMW: Frontal ablation of the three marine terminating glaciers is estimated to be 10 ± 2 km
3 
yr-1 (where 70% of the icebergs are estimated to melt within the fjord) and meltwater runoff is 
estimated as 25 ± 5 km3 yr-1 thus yielding a solid ice contribution of 22 ± 6 % (Bendtsen et al., 
2015; Mortensen et al., 2013; Van As et al., 2014), or equally, FMW = 0.78 ± 0.06.  
Using equation 3, the iceberg DSi concentration was finally calculated as:  13 ± 15 µM.  
 
The observation that icebergs contribute to the silica flux in Greenland fjords is supported by 
data from Kangerlugssuaq fjord in east Greenland. Iceberg discharge contributes 80 % to the 
freshwater flux in the fjord (Azetsu-Scott and Syvitski, 1999), yet still elevated silica 
concentrations (~8 µM at salinity 23) were found in the surface.   
 
Total DSi flux from the Greenland Ice Sheet 
With a meltwater DSi flux of 14 ± 4 Gmol yr-1 and iceberg related DSi flux of 8 ± 9 Gmol yr-1, 
total DSi flux from the Greenland Ice Sheet is estimated as: JDSi = 22 ± 10 Gmol Si yr
-1
. 
 
3.4.3 Future DSi export from the GIS  
In recent years, the meltwater flux from the Greenland Ice Sheet has nearly doubled (Bamber et 
al., 2012) and projections for the year 2100 indicate an increase in runoff by up 1600 Gt yr-1 with 
respect to the 1980–1999 mean (Fettweis et al., 2012). Monitoring data from Leverett glacier 
(Kangerlussuaq; West Greenland) from four consecutive years (2009 to 2012) show an 
increasing export of macro nutrients with higher discharge (Hawkings et al., 2015). While the 
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discharge strongly varied between 0.94 (2009) and 2.03 (2012) km3 yr-1, the DSi concentration 
in the meltwater river remained nearly constant at ~ 4.2 µM. This suggests that an increase in 
freshwater flux will likely lead to a linear increase in the dissolved silica export (i.e., increasing 
discharge at constant DSi). Using our current estimate of 22 Gmol yr-1 for a freshwater 
discharge of 1000 Gt yr-1, and with an increase by up to 1600 Gt yr-1 by the year 2100 (Fettweis 
et al., 2012), the flux to coastal seawater might increase by 160% to 57 Gmol yr-1. 
 
3.4.4 Silica supply during summer months to inner part of Godthåbsfjord 
In summer, there is DSi supply from two different sources to the fjord: (1) DSi via upwelling of 
fjord water (entrained by subglacial melt) which accounts for 12 % of input (Section 1) and (2) 
DSi via surface melt and iceberg melt responsible for up to 88 % of the DSi input (Section 1). 
Meltwater runoff supplies high DSi, low nitrate water to surface layer (0 to 10 m) with Si:N ratios 
of ~14. Upwelling due to subglacial discharges settle below this stratified upper water layer 
(from 10 m) and provides nitrate and DSi but with a low Si:N Ratio of ~ 0.65 (which is similar to 
bottom water). Figure S1 shows the Si:N (blue) and chlorophyll a (black) profile for station GF13 
in the inner part of Godthåbsfjord in August 2013. Due to large difference in Si:N ratio of both 
water masses a clear gradient in Si:N ratio can be observed between surface (0-10 m) and 20-
30 meter (logarithmic scale in Fig. S1). The productive region, with dominance of diatoms 
(~95%), is situated at 5 to 15 meter right at the interface between the high-DSi/low-nitrate 
surface water (meltwater runoff) and upwelled high-nitrate/low-DSi water masses. Consequently 
diatom grows at elevated Si:N ratios (with Si:N ratios from 1 to 14 in productive layer), 
suggesting that part of the DSi incorporated by diatoms was effectively melt-water derived (Fig. 
S1).  
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Figure S1: Depth profile of chlorophyll (µg L
-1
) and logarithm of Si/N ratio for station GF13 in August 
2013. The vertical line indicates standard stoichiometry (Si/N = 15:16). 
 
Figure S2, shows the mean silica and nitrate in upper 40 meter along a transect from the 
glaciers (GF 13) to open sea (FB3.5) (Fig. S2). Both the mean silica and nitrate concentration 
do not mix conservatively with salinity indicating biological uptake by diatoms.  
 
Figure S2: Dissolved silica (DSi in µM,  black solid), nitrate (NO3 in µM, blue striped) and freshwater 
content (FW in m, red dotted) along a length transect in August from the inner fjord (right) to the open 
shelf area (left) in Godthåbsfjord.  
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Figure S3: Map of glacial rivers and fjord systems in Greenland where DSi discharge (Mmol yr
-1
) can be 
estimated. Numbers refer to area code in Table S1. 
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Figure S4: Relation between salinity and DSi (µM) for Godthåbsfjord (for year 2013 and 2014) and 
Young Sound (for year 2012). The relationship between DSi and salinity are shown for points with 
salinities lower than 25. 
 
Figure S5: Icebergs in inner part of Godthåbsfjord in front of the Narsap Sermia terminus (2013) 
indicating that a large fraction of the icebergs can be sediment loaded. 
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Table S3.1: Nutrient concentrations in glacial rivers and iceberg samples in Greenlandic fjord systems. Discharge (km
3
 yr
-1
), nitrate (NO3
-
), 
phosphate (PO4
3-
), dissolved silicate (DSi) concentrations (µM), and DSi flux (Mmol yr
-1
).  
 
Area 
code 
Location Type 
Latitude 
(°N) 
Longitude 
(°W) 
Discharge 
(km
3
 yr
-1
) 
NO3 
(µM) 
PO4
3-
 
(µM) 
DSi (µM) DSi flux 
(Mmol yr
-1
) 
Reference 
chemistry 
Reference 
Discharge 
 
Min Max Mean 
  
1 
Kuannersuit 
Kuussuat 
Glacial river 69°45’ 53°18’ 0.65 <1.5   71 540 280 182 (Yde et al., 2005) 
(Yde et al., 
2005) 
  2 Arfersiorfik fjord Glacial river 68°02’ 50°16’ 0.0064 2.3 0.12 3.4 40 14 0.09 (Bhatia, 2012) (Bhatia, 2012) 
  
3 Kangerlussuaq 
Watson glacial 
River 
67°00’ 50°41’ 3 2.5   25 98 51 153 (Yde et al., 2014) 
(Yde et al., 
2014) 
  
3 Kangerlussuaq Glacial river 67°08’ 50°03’ 3   
0.13 
4.7 7 5.5 16.5 
(Aciego et al., 
2015)
 
 
 
 
Glacial 
river 
3 Kangerlussuaq 
Leverett 
glacier 67°06' 50°17' 
1.5 1.6 0.2     4.2 6.3 
 
(Hawkings et al., 
2015) 
(Hawkings et 
al., 2015)
 
 
  
4 Godthåbsfjord 
Saqqap 
Sermersua 
glacial river 
64°10’ 51°44’ 20 2.5 0.3     33 660 This study 
(Van As et al., 
2014) 
  
5  Ameralik Glacial river  64°06’ 49°57’     
0.1 
17.6 19.3 18.3   
(Aciego et al., 
2015)  
 
 
  
6  Narsarsuaq 
Glacial river 61°12’ 45°20' 
    
0.7 
19.8 36 26.6   
(Aciego et al., 
2015)  
 
 
  
7  Kulusuk 
Glacial river 65°42’ 38°27’ 
    
0.34 
5.5 8.9 6.8   
(Aciego et al., 
2015)  
 
 
  
8 Sermilik fjord 
Mittivakkat 
Gletscher 
65°41’ 37°50’ 0.04 <1.5   36 45 28 1.1 
(Hagedorn and 
Hasholt, 2004; 
Kristiansen et al., 
2013) 
(Mernild et al., 
2010) 
  8 Sermilik fjord Hobbs Glacier 65°46’ 38°11’   <1.5   22 40 31   This study   
  
9 Kangerdlugssuaq Fjord 68°07’ 31°51’           > 10   
(Azetsu-Scott and 
Syvitski, 1999) 
(Azetsu-Scott 
and Syvitski, 
1999) 
  
10 Young Sound Glacial river 74°18’ 20°18’ 1.5 2.5   11 61 30 45 
(Hasholt and 
Hagedorn, 2000) / 
This study 
(Rysgaard et 
al., 2003) 
  
4 Godthåbsfjord 
Icebergs 
August  
64°10’ 51°44’ 10 0.5 0.1 0.1 18 4.7 47 This study 
(Van As et al., 
2014) 
Icebergs 
4 Godthåbsfjord 
Icebergs May 
2014 
64°10’ 51°44’ 10 2.2 0.05     < 0.02   This study 
(Van As et al., 
2014) 
  
9 Kangerdlugssuaq Iceberg 68°07’ 31°51’ 15 1.4 0.5     9.1 137 
(Azetsu-Scott and 
Syvitski, 1999) 
(Azetsu-Scott 
and Syvitski, 
1999) 
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4 Marine terminating glaciers sustain high productivity in Greenland 
coastal waters 
 
Lorenz Meire, John Mortensen, Patrick Meire, Mikael Sejr, Søren Rysgaard, Thomas Juul-
Pedersen, Rasmus Nygaard, Philippe Huybrechts, Filip Meysman 
 
4.1 Abstract 
Accelerated mass loss from the Greenland Ice Sheet leads to glacier retreat and an increasing 
input of glacial meltwater to the fjords and coastal waters around Greenland (Bamber et al., 
2012; Howat and Eddy, 2011). These high latitude ecosystems are highly productive and 
sustain important fisheries (Hamilton et al., 2000), but it remains uncertain how this productivity 
will respond to future changes in the Arctic cryosphere. Here we present hydrographic and 
biogeochemical data from two fjord systems adjacent to the Greenland Ice Sheet, which show 
that marine ecosystem productivity is very differently regulated in fjords influenced by either 
land-terminating or marine-terminating glaciers. Rising subsurface meltwater plumes originating 
from marine-terminating glaciers entrain large volumes of deep water, and the resulting nutrient 
upwelling sustains increased phytoplankton productivity in the inner fjord throughout summer. 
By contrast, fjords with land-terminating glaciers lack this upwelling mechanism, and hence, are 
characterized by substantially lower productivity. Data on commercial halibut landings confirm 
that coastal regions under the influence of large marine-terminating glaciers are hotspots of 
marine productivity. As the shrinking of the Greenland Ice Sheet will induce a switch from 
marine-terminating to land-terminating glaciers, our results suggest that ongoing climate change 
can drastically alter the productivity in the coastal zone around Greenland with large socio-
economic implications.   
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4.2 Main text 
With a current freshwater input of ~1000 Gt yr-1, which originates from both meltwater runoff and 
solid ice discharge, the fjords and shelves around Greenland are strongly impacted by the 
Greenland Ice Sheet (GrIS), and this freshwater input is expected to substantially increase with 
ongoing climate change (Bamber et al., 2012). These high-latitude coastal systems sustain a 
high productivity and there is increasing evidence that glaciers play a crucial role in this 
(Lydersen et al., 2014). However, a detailed understanding of how glacial meltwater impacts 
coastal biogeochemistry is currently lacking, which makes it difficult to predict how high-latitude 
marine ecosystems will be affected by climate-induced changes in the Arctic cryosphere. Here 
we present data from two fjord systems adjacent to the GrIS that are influenced by either land-
terminating or marine-terminating glaciers (Fig. 1). Our results show that in fjords with marine-
terminating glaciers, nutrient upwelling driven by subglacial discharge fuels a high primary 
production through summer. As the loss of marine-terminating glaciers is an expected outcome 
of Arctic warming over the next century (Howat and Eddy, 2011), this could reduce the coastal 
productivity around Greenland, with important consequences for the local ecosystem functioning 
and cascading effects on both subsistence and commercial fisheries. 
 
Godthåbsfjord (SW Greenland) is a sub-Arctic fjord influenced by meltwater discharge from 
three land-terminating and three large marine-terminating glaciers, while Young Sound (NE 
Greenland) is a high-Arctic fjord exclusively fed by land-terminating glaciers. The hydrography 
and water column chemistry of both fjord systems were surveyed during oceanographic cruises 
that covered transects from the inner fjord to the adjacent continental shelf (Fig. 1a,b). During 
summer, both Young Sound (August 2011) and Godthåbsfjord (August 2013) are strongly 
impacted by glacial meltwater, which is most pronounced in the inner parts of the fjords close to 
the glacier discharge points (Fig. 1c,d). In both fjords, the incoming meltwater induces strong 
stratification, creating a low saline surface layer that is separated from deeper waters by a 
halocline at 5-10 m depth. This inflow of glacial meltwater at the head of the fjord drives an 
estuarine circulation (Bendtsen et al., 2014; Mortensen et al., 2011), where entrainment causes 
a gradual increase in salinity as the freshwater plume moves downstream. When this plume 
enters the sill region of the fjords, the freshwater is mixed with deeper waters due to intense 
tidal mixing (Fig. 1c,d) (Bendtsen et al., 2014; Mortensen et al., 2011). Despite the higher 
latitude, maximum surface water temperatures in Young Sound were higher (~11.2°C) than in 
Godthåbsfjord (~6.3°C) as the melting of icebergs, calved by the tidewater glaciers, reduces the 
Chapter 4  
 
76 
 
surface temperature in Godthåbsfjord (Fig. 1e,f). While Young Sound exclusively receives 
surface meltwater input, Godthåbsfjord is also affected by subglacial freshwater discharge. 
Surface meltwater percolates to the glacier bed via fractures and channels, and this cold 
meltwater enters the fjord at submarine levels (Straneo and Cenedese, 2014). Subsequently, 
this fresh water rises to the surface as a buoyant plume and entrains large volumes of ambient 
saline fjord water on its way up (typically 10 to 30 times the volume of the plume)(Mortensen et 
al., 2013). These rising buoyant plumes create a region of turbulent upwelling immediately 
adjacent to the terminus of the tidewater outlet glaciers (Sup. Video 1) (Bendtsen et al., 2015; 
Mortensen et al., 2013) and settle below the stratified surface layer as indicated by the cold 
water anomaly (0-1°C, Fig. 1e) and increased turbidity levels between 10 and 40 m (Fig. 1g) 
(Chauché et al., 2014; Mortensen et al., 2013). 
 
The effect of meltwater input during summer on productivity is markedly different between fjords 
influenced by land or marine-terminating glaciers. In Young Sound, the meltwater rivers 
originating from the land-terminating glaciers are highly loaded with suspended particles, thus 
generating high turbidity and reducing light penetration within the inner fjord (Murray et al., 
2015) (Fig. 1h,S1). At the same time, these meltwater rivers have low nitrate concentrations 
(Fig. 2d), while the stratification impedes nutrient supply from deeper waters (Fig. 1h,2b).  
 
This combination of light limitation and nutrient depletion leads to low chlorophyll a 
concentrations (<0.5 µg L-1) and low primary production (PP) rates (<40 mgC m-2 d-1) in the 
inner and central parts of Young Sound (Fig. 2). Gradual settling of particles reduces the 
turbidity downstream (Murray et al., 2015), but still, the light does not penetrate sufficiently deep 
in the central part of Young Sound to allow the development of a deep chlorophyll maximum 
(Fig. 2). Only when the meltwater plume enters the sill region, a moderate increase in 
phytoplankton biomass (Chla 2-3 µg L-1 and PP of 200 mgC m-2 d-1) is observed, likely resulting 
from an extended euphotic depth and an enhanced nutrient supply resulting from tidal mixing 
(Fig. 2). 
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Figure 4.1: Physical oceanographic data from two Greenlandic fjords in late summer (Left column: 
Godthåbsfjord, right column: Young Sound). (a, b) Map of the study area indicating stations (solid dots) 
along a transect from the Greenland Ice Sheet (shaded area) towards the mouth of fjord region. Marine 
terminating glaciers in Godthåbsfjord are indicated by blue diamonds (Narsap Sermia NS; Kangiata 
Nunâta Sermia KNS; Akullersuup Sermia AS), meltwater rivers in Godthåbsfjord and Young Sound by red 
squares (Lake Tasersuaq LT; Zackenberg river ZR; Tyroler river TR). (c-d) Depth profiles along the fjord 
transect of salinity, (e,f) temperature (°C)  (g, h) euphotic depth (ED, m) and stratification index (Ψ, J m
-
3
)). To enable comparison, the depth profiles in both fjords are plotted in the same direction (left = 
downstream, mouth of fjord; right = upstream, glacier region). The main sill of the fjords is indicated by the 
dashed lines. Glaciers and incoming rivers are indicated on the top axis of each panel. 
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Figure 4.2: Biogeochemical data from two Greenlandic fjords in summer (Left column: Godthåbsfjord, 
right column: Young Sound). (a,b) Conceptual model of the hydrodynamic circulation in a fjord affected by 
marine terminating glaciers (Godthåbsfjord) and a land terminating glacier (Young Sound). (c,d) Depth 
profiles along the fjord transect of nitrate (NO3
-
, µmol L
-1
) and (e,f) fluorescence expressed in Chl a units 
(µg L
-1
). Note the difference in the concentration scaling between Godthåbsfjord and Young Sound. (g-h) 
Gross primary production (mg C m
-2
 d
-1
) and area-integrated chlorophyll a inventory (mg m
-2
) along the 
fjord transects. To enable comparison, the depth profiles in both fjords are plotted in the same direction 
(left = downstream, mouth of fjord; right = upstream, glacier region). The main sills of the fjords are 
indicated by the dashed lines.  
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Compared to Young Sound, primary production rates and algal biomass are substantially higher 
in the inner part of Godthåbsfjord (Chla of up to 550 mgC m-2 d-1; Fig. 2g). The rising buoyant 
meltwater plumes from the marine-terminating glaciers entrain large volumes of deep nutrient-
rich water, which settle below the low-saline surface layer, between 10 and 40m (Fig. 2a,c). The 
associated nutrient upwelling fuels a high primary production, as indicated by high subsurface 
chlorophyll a maxima of 10-25 µg Chla L-1 at 10 m depth (GF9 to GF17; Fig. 2). Productivity is 
highest at GF10 where silt has settled and the euphotic depth has increased (Fig. 2g). In the 
central Godthåbsfjord, the subsurface chlorophyll maximum gradually migrates to deeper 
depths (~10 µg L-1 at 20 meter depth in GF8; Fig. 2e) due to nutrient depletion and increasing 
light penetration. A nutrient budget confirms the key role of subglacial meltwater discharge in 
sustaining the high summer production in Godthåbsfjord (Sup.Mat). The upwelling of nutrient-
rich bottom water ([NO3
-]~14 µM) generates a nitrate supply of 0.5-5.0x106 mol d-1 to the photic 
zone, which is able to sustain a new production of 100-1000 mgC m-2 d-1 in summer (Sup. Mat.). 
In addition to subglacial freshwater discharge, the migration of icebergs could induce an 
additional nutrient supply, as iceberg movement leads to local upwelling and increased 
productivity (Smith et al., 2007; Vernet et al., 2012). Yet, the relative importance of iceberg-
induced nutrient upwelling is currently unconstrained, and hence, its impact on productivity is 
not further quantified here. 
 
The Arctic region is undergoing rapid climatic change (IPCC, 2007), and as a result, notable 
changes are expected in carbon cycling, primary production and food-web structure of 
Greenlandic fjords. Up to now, the retreat of sea ice has received most attention as a potential 
driver of production changes, where an increase in the ice-free period has been linked to an 
increase in annual primary production (Arrigo et al., 2008; Rysgaard and Glud, 2007). Our 
results, however, suggest that the loss of marine terminating glaciers, and the resulting changes 
in fjord circulation, could be an additional, if not more important factor regulating primary 
production. Sea ice is typically present in Young Sound until early July, which leads to a 
reduced productive period with a single short phytoplankton bloom (Fig. 3b), and an overall low 
annual production of ~10 gC m-2 yr-1 (Rysgaard et al., 1999). The predicted increase in the ice-
free period from 80 days at present to 160 days by the end of the twenty-first century, potentially 
leads to a three-fold increase in annual production to ~30 gC m-2 yr-1 (Rysgaard and Glud, 
2007). Still, Godthåbsfjord shows much higher primary production, of which a substantial part 
can be attributed to nutrient upwelling induced by subglacial meltwater. In addition to the spring 
bloom, the inner part of Godthåbsfjord shows a sustained summer productivity (Fig. 3a), which 
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accounts for 35-40 % of the annual production of 100-150 gC m-2 yr-1 (Juul-Pedersen et al., 
2015; Meire et al., 2015). This summer bloom coincides with the maximum meltwater runoff 
from the GrIS and it is an annually recurrent phenomenon (Calbet et al., 2011b; Juul-Pedersen 
et al., 2015). High productivity during both spring and summer has a direct effect on higher 
trophic levels, as sustained zooplankton production is observed throughout summer in 
Godthåbsfjord (Arendt et al., 2013; Tang et al., 2011). This high zooplankton biomass is an 
important food source for crustaceans and small pelagic fish (polar cod, arctic cod and capelin) 
(Bergstrøm and Vilhjalmarsson, 2008), which are preyed upon by Greenland halibut, seals and 
whales, which seasonally migrate into the Godthåbsfjord. In contrast, Young Sound is 
characterized by low pelagic biomass, and instead, the limited primary production is mainly 
channeled to slow growing benthic filter-feeding organisms (Sejr et al., 2009). Consequently, the 
dominant top predators in Young Sound (walruses and eider ducks) rely primarily on benthic 
biomass that has accumulated over decades (Sejr et al., 2002). 
 
 
Figure 4.3: Seasonal evolution of the Gross Primary Production (GPP, mg C m
-2
 d
-1
) in Godthåbsfjord 
(Left panel) and Young Sound (Right panel; redrawn from Rysgaard et al. (1999)). GPP was recorded at 
two separate stations in Godthåbsfjord: GF3 (mouth of the fjord) measured in situ (redrawn from Juul-
Pedersen (2015), year 2011) and GF10 (close to tidewater glaciers, year 2013).  In Young Sound, GPP 
was recorded at one station (DNB, mouth of the fjord) and the period with sea-ice cover is indicated. 
 
The coastal and fjord waters of western Greenland are highly productive with net primary 
production rates of 70-320 mgC m-2 d-1 (Jensen et al., 1999) and this productivity sustains 
important fisheries, which contributes up to 92% of Greenland’s total export income, and forms 
the basis for the traditional hunting of marine mammals. Halibut is one of the most important 
fisheries economically (Berthelsen, 2014), and a statistical analysis (Sup.Mat.) reveals that high 
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halibut landings spatially correlate with the presence of large marine terminating outlet glaciers 
(Fig. 4b,c). Moreover, in fjords with marine-terminating glaciers, the halibut landing correlates 
with the total glacial freshwater input, while this is not the case for fjords with only land-
terminating glaciers (Fig. 4d). Therefore we hypothesize that larger glaciers systems induce a 
higher subglacial discharge, which in its turn sustains a higher productivity. Major inshore 
halibut fishing grounds are found in the inner Disko Bay, where primary production rates of 1200 
to 3200 mgC m-2 d-1 have been recorded in summer (Andersen, 1981; Jensen et al., 1999), as 
well as in the Uummannaq and Upernavik regions, which are all areas with major marine 
terminating glaciers (Fig. 4). Similar observations have been made in Svalbard where tracking 
data of sea-birds and marine mammals (seals and whales) reveal that marine terminating 
glaciers are important feeding grounds (Lydersen et al., 2014).  
 
In recent decades, a widespread retreat and thinning of marine terminating glaciers has been 
observed along the GrIS, with an average retreat of 110 m yr-1 over 2000-2010, resulting from 
increasing submarine and atmospheric melt (Holland et al., 2008; Howat and Eddy, 2011). 
Glaciers along the northeast and north coast of Greenland typically have submerged beds that 
extend far inland, and so are less likely to become land-terminating. But marine-terminating 
glaciers in other regions may well retreat above sea level in the near future (Howat and Eddy, 
2011; Joughin et al., 2010). Based on the results here, we expect fundamental changes in the 
hydrography, biogeochemical cycling and marine productivity of these fjords when glaciers 
change from marine termination to land termination.  
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Figure 4.4: Relation of halibut landings with marine and land terminating glaciers for different fjord 
systems in West Greenland (a). Location of large halibut fishery in three different regions (b: Uumaanaaq 
70°40’N 52°07’W, c: Ilulissat 69°13’N 51°06’W). Halibut landings are shown in the different regions 
together with the presence of marine terminating glaciers (blue diamonds) and land terminating glaciers 
(red squares). Panel d shows relation between meltwater runoff (in Gt yr
-1
) and fishery catchment (ton km
-
2
) in different areas indicated as blue dots on overview map (a, blue dots). 
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4.3 Material and Methods  
4.3.1 Sampling sites 
Samples were collected in two fjord systems adjacent to the Greenland Ice Sheet, 
Godthåbsfjord and Young Sound. Godthåbsfjord is a large fjord system located on the 
southwest coast of Greenland with a length of ~190 km and covering an area of 2013 km2 (Fig. 
1). Three grounded tidewater outlet glaciers are located in the catchment area: Kangiata 
Nunaata Sermia (KNS), Akullersuup Sermia (AS), and Narsap Sermia (NS), all delivering glacial 
ice and meltwater to the fjord. Meltwater also drains from three land-terminating glaciers: 
Qamanaarsuup Sermia (QS), Kangilinnguata Sermia (KS), and Saqqap Sermersua (SS) 
draining through Lake Tasersuaq (LT). Recent hydrological simulations for the period 1991-
2012 estimate an annual meltwater input of 20 km3 yr-1 and a solid ice discharge of 8 km3 yr-1  
into Godthåbsfjord (Mortensen et al., 2013). The presence of a dense ice mélange in the inner 
Godthåbsfjord made sampling impossible beyond station GF15. Young Sound (Northeast 
Greenland) is a sill fjord covering an area of 390 km2 and is 90 km long (Fig. 1). Young Sound 
consists of the narrower Tyroler fjord with a maximum depth of 360 m, and the wider, but 
shallower Young Sound fjord which is connected with the Greenland Sea via a sill at 45 m water 
depth. Two large meltwater rivers (Tyroler and Zackenberg) are fed by land-terminating glaciers 
and discharge into Young Sound with an annual discharge of 0.5 to 1.5 km3 yr-1. 
 
4.3.2 Sample collection and analysis 
Samples for Godthåbsfjord were collected during a cruise in August 2013 along a length-
transect which covers the fjord and shelf area (20 CTD stations of which 10 stations were 
additionally sample with Niskin samplers; Fig. 1). This dataset was further complemented by 
regular monthly sampling at one station (GF10) in the inner fjord between January 2013 and 
December 2013. Samples in Young Sound were collected in August 2011 (30 CTD stations of 
which 10 stations with Niskin sampling) covering the fjord and open sea. At each station and 
time point, salinity and temperature depth profiles were recorded using a CTD instrument 
(Seabird SBE19plus) equipped with additional sensors for fluorescence (Seapoint Chlorophyll 
Fluorometer), turbidity (Seapoint) and Photosynthetic Active Radiation (PAR, LI-COR 190SA 
quantum Q PAR sensor). Water samples from discrete depths were collected using 5L Niskin 
bottles (KC Denmark research Equipment, Denmark) at different water depths (1, 5, 10, 20, 30 
and 40 m). To calibrate the fluorescence sensor, water samples (0.5 – 1 L) were filtered through 
25 mm GF/F filters (Whatman, nominal pore size of 0.7 µm) for chlorophyll a analysis. Filters 
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were placed in 10 mL of 96 % ethanol for 18 to 24 hour and chlorophyll fluorescence in the 
filtrate was analyzed using a fluorometer (TD-700, Turner Designs) before and after addition of 
200 μL of 1 M HCl solution. Subsamples (10 mL) for nutrients were filtered through 0.45 µm 
filters (Q-Max GPF syringe filters) and directly frozen at -20 °C until analysis. Nitrate 
concentrations were measured using standard colorimetric methods on a Seal QuAAtro 
autoanalyzer. 
 
Primary production was measured by 14C incubations using photosynthesis-irradiance (PI) 
curves and in-situ incubations. Euphotic depth was calculated as 1% of surface irradiance. 
During the transect study in Godthåbsfjord, PI-curves were obtained from samples at 5, 10, 20 
and 30 m depth. Furthermore at station GF10, monthly PI-curves were recorded at 5 and 20 m 
depth. Unfiltered seawater (55 mL) from a given water depth was transferred to incubation 
bottles, spiked with 175 µL NaH14CO3 (20 µCi mL
-1) and incubated for two hours in an ICES 
incubator (Hydro-Bios, Germany). For the in-situ incubations at the monitoring station (GF3) in 
Godthåbsfjord and the Young Sound transect, samples from 5, 10, 20, 30 and 40 m depth were 
incubated at in situ depths in glass bottles (2 light and 1 dark bottles at each depth) for ca. 2 h 
around mid-day. The samples were filtered onto 25 mm GF/C filters (Whatman) and 100 µL of 1 
M HCl was added to remove excess NaH14CO3 and the filters were left open for 24 h in the 
fume hood. Subsequently, 10 mL of scintillation cocktail (Ultima Gold, Perkin Elmer) was added 
to the samples before counting them on the scintillation counter (Liquid Scintillation Analyzer, 
Tri-Carb 2800TR, PerkinElmer). After subtracting CO2 fixation rates obtained from the dark 
incubations, gross primary production rates were calculated based on measured dissolved 
inorganic carbon concentrations. Primary production rates were calculated from the obtained PI-
curves using the light attenuation coefficient from the measured PAR profile. Solar irradiance 
values were obtained from the meteorological survey in Nuuk (Meteorological station 522, Asiaq 
Greenland Survey) for the time period of the cruise. Annual production in station GF10 was 
estimated by calculating daily productivity over the entire year assuming that light extinction and 
PI-curves remain the same in the two-week period before and after the sampling dates. For the 
in-situ primary production estimates, daily rates were calculated by multiplying the production 
value from the two hours in-situ incubation with the ratio between the incoming PAR during the 
deployment period (ca. 2 h) and the entire day of sampling (24 h).  
 
The stratification parameter (φ, J m−3) was calculated based on the water density profiles in the 
upper 60 meter and represents the amount of energy required to homogenize the water column 
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through vertical mixing (Simpson, 1981). Processing of data was done in the open-source 
programming language R. Interpolation of the data and contour plots were produced using the 
Akima package and OceanView package. 
 
4.4 Supplementary Information 
4.4.1 Nutrient upwelling driven by subglacial discharge 
Using recent estimates for subglacial discharge in Godthåbsfjord (Bendtsen et al., 2015), the 
nitrate upwelling JNO3 (mol NO3 s
-1)  to the surface water can be constrained as:   
 JNO3 = [NO3]BW   x γ x QSD.  
In this, [NO3]BW denotes the nitrate concentration in the bottom water, QSD is the subglacial 
discharge, and γ the entrainment factor (i.e., the amplification of upwelling due to entrainment of 
ambient fjord water). 
 
The rate of subglacial discharge QSD can vary substantially during summer months, and generally 
consists of a lower baseline discharge rate, on top of which rapid increases occur over short 
periods of time. Analysis of the subglacial plume at the KNS glacier in Godthåbsfjord provides a 
baseline subglacial discharge rate of ~10 m3 s-1 (Bendtsen et al., 2015). Glacial lake drainage 
induces strong percolation of meltwater to the glacier bedrock, and during such episodic events, 
the QSD in Godthåbsfjord has been observed to increase by a factor 10 to 100 (Kjeldsen et al., 
2014). Details on the frequency and amplitude of such episodic drainage are however lacking, 
and consequently, the mean QSD of the different glaciers in Godthåbsfjord is currently not well 
constrained. Here, we use a range of 10 to 100 m3 s-1 for subglacial freshwater discharge, which 
is the same range as recently employed to constrain a heat budget at the KNS glacier (Bendtsen 
et al., 2015).  
 
When the subglacial freshwater discharge enters the fjord, it rises to the surface and entrains 
ambient fjord water. Previously, entrainment factors γ (ratio of total upwelling over subglacial 
discharge) have been proposed in the range of 10 to 30(Mortensen et al., 2013). Here, we used γ  
= 14, as derived from a recent heat budget model at the KNS glacier in Godthåbsfjord (Bendtsen 
et al., 2015), which is in the lower part of the published range and thus appears to be a 
conservative estimate. Consequently, for the KNS glacier, a subglacial freshwater discharge of 10 
to 100 m3 s-1 is amplified to generate an upwelling rate of 140 to 1400 m3 s-1 due to entrainment 
(Bendtsen et al., 2015). For the other two marine terminating glaciers in Godthåbsfjord (Narsap 
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Sermia and Akullersuup Sermia), no information on subglacial discharge is available, but these 
glaciers are similar in size as KNS, and so we adopted the same parameter values as for KNS.  
 
Water samples collected at station GF13 at 400 m revealed a nitrate concentration of [NO3]BW  ~ 
14 µM. Hence, combining the estimates for [NO3]BW , QSD and γ as derived above, we obtain the 
upwelling flux of nitrate:  
JNO3 = (3 marine terminating glaciers)*14*(10 -100 m
3 s-1)*0.014 mol m-3 *86400 s d-1 =  0.5 – 5.0 
x 106 mol N d-1 
 
This upwelling flux sustains a new production in Godthåbsfjord, which continues throughout the 
summer period (see Fig. 2g in main text). Our nutrient (Fig. 2c) and pigment (Fig. 2e) data also 
indicate that most of the algal biomass buildup and nitrate consumption occurs in the inner part of 
the Godthåbsfjord (station GF15 to GF9). This hence suggests that most of the new production 
takes place in the inner fjord, which stretches from the KNS glacier to station GF9 (surface area ~ 
500 km2). Furthermore, Mortensen et al. (2013) estimated that 20% of the inner fjord area is 
covered in summer by icebergs, thus yielding a surface area of 400 km2 available for light 
penetration and primary production. Using the Redfield ratio (106C:16N), the upwelling nitrate 
JNO3 = 0.5 – 5.0 x 10
6 mol d-1 thus provides an area-based rate of  new production of 100 - 1000 
mg C m-2 d-1. 
 
4.4.2 Statistical analysis of halibut landings 
Our results suggest that marine terminating glaciers sustain a substantial primary production 
throughout summer in Godthåbsfjord, thus enabling a high secondary production and an 
increased energy transfer towards the higher trophic levels of food web. To verify whether this 
hypothesis also could hold for other fjords and coastal areas, data on halibut landings within the 
Greenland coastal zone were collected and analyzed, together with glacial meltwater discharge 
data and other environmental parameters. Greenland halibut (Reinhardtius hippoglossoides, 
Walbaum) is common fish along the west coast of Greenland, and a socio-economically important 
resource, as it sustains the one of the largest commercial fisheries in Greenland (Berthelsen, 
2014; Boje et al., 2014). Furthermore, halibut is a top predator that feeds opportunistically, which 
makes it an appropriate indicator of overall ecosystem productivity (Dwyer et al., 2010). Halibut 
landing data were retrieved for 30 fjord systems on the West coast of Greenland, and correlated 
with a number environmental parameters for each fjord (Sup.Table 1). As no in-fjord fishery data 
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were available from East Greenland, the fjord systems on the East coast were not included in the 
analysis.  
 
Data 
Fjord delineation: On the west coast of Greenland, 30 fjord systems were delineated based on 
topographic maps (1:250000). Most fjords show a clear boundary with the open ocean and could 
be easily delineated. In some regions (e.g. in Upernavik region) where glaciers discharge close to 
the open ocean, the coastal zone in vicinity of the glacier discharge points was included.  
 
Presence of glacier termini: The location of glacier termini was determined based on the glacier 
inventory published from Lewis and Smith (2009) and Howat and Eddy (2011). Based on satellite 
images, a distinction was made whether glacier termini were land or marine terminating. 
 
Glacial freshwater input: The glacial freshwater flux to the different fjord system is obtained from a 
hydrological water-flow model embedded in the Greenland ice sheet model of Huybrechts et al. 
(2011). The total glacial water input to the different fjords originates from both surface runoff and 
basal ice melt, with a minor contribution from summer rainfall (solid ice discharge is not 
quantified). Basal melting occurs far inland depending on basal temperature conditions while near 
the margins surface melt is most dominant. Only a part of the surface melt contributes to surface 
runoff as a fraction refreezes and is stored in the snowpack(Janssens and Huybrechts, 2000). 
The hydrological model assumes that all water reaches the bottom of the ice sheet, where it is 
routed further towards the ice-sheet margin according to the steepest gradient of the hydraulic 
potential. This allows to determine the total basal water flux from the Greenland ice sheet exiting 
at any given location at the margin. The calculations are made on a 5 km numerical grid using the 
bedrock topography from Bamber et al. (2013) and a routing algorithm similar to Le Brocq et al. 
(2009). Sup. Figure 2 shows an example of the integrated meltwater flux to the Ilulissat fjord. For 
all selected fjord systems, the hydraulic catchment (i.e. the collection of grid cells that deliver 
meltwater to a given fjord) was delineated based on topography. The total meltwater flux to a fjord 
area consists of the sum of the water production of all cells within the catchment. 
 
Halibut landing data: Commercial fishery data used for stock assessment was retrieved from the 
Fishery Department at the Greenland Institute of Natural Resources (GINR). This dataset 
consists of halibut landings for the years 2012 and 2013 for different regions in Greenland. 
Halibut landings (ton per year) are specified per grid cell (Sup. Figure 3 shows an example of the 
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grid for the Ilulissat fjord) and the total halibut landing H in the fjord was calculated by summation 
over all grid cells belonging to the fjord. Subsequently, the total area A of the fjord was calculated 
by calculation of individual grid cell areas and summation. Due to fjord geography, some grid cells 
consist only partly out of open water (the remaining part being terrestrial surface area) and hence 
grid cell areas were corrected to account only for the sea surface area. The mean area-based 
halibut landing in the fjord (in kg km-2 yr-1) was finally calculated as H/A.  
 
Length of the sea ice free period: The variation in sea ice conditions in the fjords was obtained 
from the Multisensor Analyzed Sea Ice Extent map (4 km resolution, year = 2013) archived and 
distributed by the National Snow and Ice Data Center(Data et al., 2010). Based on these maps, 
the sea-ice covered area was quantified for each fjord for each day of the year 2013. If the sea 
ice extent in the fjord was less than 5 % of the total fjord area, the fjord was considered ice free.  
 
Ice velocity: Annual Ice Sheet velocity maps for Greenland, derived using Interferometric 
Synthetic Aperture Radar (InSAR) data from the RADARSAT-1 satellite, were used as 
background in Figure 4 to illustrate the ice dynamics (Joughin et al., 2010). 
 
Statistical analysis 
When inspecting the geographical distribution of the halibut landing data, it is noticeable that 
regions with marine terminating glaciers in Greenland show important fisheries activity close to 
the marine glacier termini (e.g. Disko bay and Uummannaq in Fig. 4). Considering the risks and 
difficulties of fishing in these areas (calving glaciers and icebergs), fishermen do sail regularly into 
the different glacier fjords, as these are known to provide rich fishing grounds, generating high 
landings (Nygaard, 2014). This hypothesis was further quantitatively examined via statistical 
analysis. 
 
The mean halibut landing significantly differs (Wilcox test; P-Value = 0.04) between fjords with 
marine terminating glaciers (990 ± 362 kg km-2 yr-1) compared to fjords with only land terminating 
glaciers (133 ± 43 kg km-2 yr-1). Furthermore, halibut landings show a significant positive 
correlation with total glacial meltwater runoff for the fjords with marine terminating glaciers 
(Pearson P-Value = 0.0005, df= 14), Fjords characterized by higher meltwater runoff are also 
characterized by a higher halibut landings (Fig. 4). Although the total meltwater runoff in fjords 
with marine terminating glaciers includes both surface and subglacial discharge, we hypothesize 
that subglacial discharge will scale with the total meltwater runoff. Accordingly, fjords 
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characterized by a high total meltwater runoff are likely characterized by a stronger subglacial 
discharge, which can sustain a higher productivity in the fjord through nutrient upwelling. The 
correlation between halibut landings and total glacial meltwater runoff is not significant for fjords 
with land terminating glaciers (Pearson P-value = 0.29, df = 12). Halibut landings in these regions 
are low and do not increase with increasing total meltwater runoff (Fig. 4).  
 
An alternative hypothesis is that the productivity in high-latitude fjords productivity is primarily 
determined by the sea ice extent (Arrigo et al., 2008; Rysgaard and Glud, 2007), where areas 
with a longer sea ice-free period are characterized by higher productivity. However, this 
hypothesis is not supported by the dataset here, as in contrast, we obtained a significant negative 
correlation between the length of the ice free period and halibut landings (df = 28, p-value = 
0.018). This would suggest that a longer sea ice cover would lead to increased productivity and 
fisheries landings, which we believe, is an invalid causal perspective. Large regions in Central to 
North Greenland (Ilulissat, Uummanaaq, Upernavik) are all characterized by high halibut 
landings, but because of their high latitude, these areas have extensive sea ice during winter and 
are only ice free for a relatively short period during spring and summer (ice free period of 150 to 
200 days). These same regions are however also characterized by major marine terminating 
glaciers (f.e. Jakobshavn Isbrae in Ilulissat, Store glacier in Uummanaaq). Therefore we 
hypothesize that an important part of the production in these regions could be associated with the 
presence of the large tidewater glaciers, promoting nutrient upwelling through subglacial 
discharge during the Arctic summer. So rather than light limitation and sea ice cover, nutrient 
upwelling to the upper water layer after the spring bloom appears as a crucial factor governing 
the annual productivity in high-latitude fjords (Tremblay and Gagnon, 2009). 
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Sup. Table 1: Selected fjord systems in Greenland with latitude, longitude (°) area, presence of marine 
terminating glacier, number of marine terminating glaciers, halibut landings (ton km
-2
 yr
-1
), meltwater runoff 
(Gt yr
-1
), ice free period (days). 
ID Lat Lon Code 
Number of marine terminating 
glaciers 
Halibut landings (kg 
km
-2
) 
Area (km
2
) Melt (Gton) IceFree (days) 
1 60.25 -44.16 1 2 157.666 639.915 0.016 220 
2 60.75 -45.04 0 0 0.135 140.963 0.002 311 
3 60.91 -45.30 0 0 12.082 288.613 0.012 311 
4 61.14 -45.29 1 1 13.433 269.353 0.004 302 
5 61.12 -46.20 1 6 65.322 663.930 7.737 302 
6 61.30 -48.01 0 0 238.027 74.338 0.297 332 
7 61.90 -48.74 1 1 8.436 158.065 1.713 365 
8 62.10 -49.04 1 1 53.542 177.935 0.864 365 
9 62.28 -49.42 0 0 68.059 92.190 0.633 365 
10 63.24 -49.77 0 0 11.569 38.928 0.019 339 
11 63.44 -50.16 0 0 59.115 113.877 0.688 339 
12 63.65 -50.38 0 0 38.523 143.513 1.162 365 
13 63.87 -51.00 0 0 225.834 76.121 0.083 339 
14 64.49 -50.41 1 3 398.240 1933.915 3.805 241 
15 64.13 -50.43 0 0 303.747 396.645 0.626 339 
16 65.92 -52.39 1 1 262.742 368.725 0.000 308 
17 65.58 -52.51 0 0 73.537 36.190 0.000 365 
18 65.70 -52.66 0 0 165.981 89.974 0.000 358 
19 66.41 -51.27 0 0 3.866 618.860 14.850 187 
20 68.21 -51.34 0 0 6.477 1315.091 9.048 180 
21 68.70 -50.69 0 0 23.302 125.754 4.123 174 
22 69.14 -50.41 1 3 5393.125 594.475 11.565 174 
23 69.51 -50.40 0 0 652.733 75.401 0.804 141 
24 69.93 -50.38 1 4 3158.280 631.566 4.706 123 
25 70.78 -51.11 1 7 2066.124 3166.899 3.262 131 
26 71.72 -52.05 1 2 953.158 545.929 1.109 131 
27 77.43 -67.49 1 11 108.562 4478.874 2.395 89 
28 74.68 -56.40 1 2 1188.711 752.949 2.355 40 
29 74.37 -56.29 1 1 3.682 835.290 0.971 97 
30 74.09 -56.18 1 3 355.812 828.581 2.245 115 
31 71.37 -51.80 1 1 134.065 291.927 1.391 131 
32 72.53 -54.43 0 0 249.341 128.125 0.292 137 
33 73.22 -54.98 1 5 2505.186 2797.101 6.607 116 
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Supplementary Figure 1: Physical oceanographic data from two Greenland fjords in late summer (Left 
column: Godthåbsfjord, right column: Young Sound) from glaciers (Right) to mouth of fjord (Left).  (a, b) 
Bathymetry of longitudinal transects in the fjords (d,c) Turbidity (NTU). (e,f) Light penetration (in %) in 
Godthåbsfjord and Young Sound. 
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Supplementary Figure S4.5: Glacial freshwater input runoff to the llulissat fjord, each point shows the 
integrated meltwater flux of a 5x5km grid cell. 
 
 
Supplementary Figure S3: Example of field grid of llulissat fjord on which halibut landings are reported by 
local fisherman. 
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5 Glacial meltwater and primary production are drivers of strong CO2 
uptake in fjord and coastal waters adjacent to the Greenland Ice 
Sheet 
 
Lorenz Meire, Dorte Søgaard, John Mortensen, Filip Meysman, Karline Soetaert, Kristine 
Arendt, Thomas Juul-Pedersen, Martin Blicher and Søren Rysgaard, Modified from 
Biogeosciences, 2015, 12, 2347-2363 
 
5.1 Abstract 
The Greenland Ice Sheet releases large amounts of freshwater, which strongly influences the 
physical and chemical properties of the adjacent fjord systems and continental shelves. Glacial 
meltwater input is predicted to strongly increase in the future, but the impact of meltwater on 
the carbonate dynamics of these productive coastal systems remains largely unquantified. 
Here we present seasonal observations of the carbonate system over the year 2013 in the 
surface waters of a west Greenland fjord (Godthåbsfjord) influenced by tidewater outlet 
glaciers. Our data reveal that the surface layer of the entire fjord and adjacent continental 
shelf are undersaturated in CO2 throughout the year. The average annual CO2 uptake within 
the fjord is estimated to be 65 g C m-2 yr-1, indicating that the fjord system is a strong sink for 
CO2. The largest CO2 uptake occurs in the inner fjord near to the Greenland Ice Sheet and 
high glacial melt- water input during the summer months correlates strongly with low pCO2 
values. This strong CO2 uptake can be explained by the thermodynamic effect on the surface 
water pCO2 resulting from the mixing of fresh glacial meltwater and ambient saline fjord water, 
which results in a CO2 uptake of 1.8 mg C kg
-1 of glacial ice melted. We estimated that 28 % of 
the CO2 uptake can be attributed to the input of glacial meltwater, while the remaining part is 
due to high primary production. Our findings imply that glacial meltwater is an important driver 
for undersaturation in CO2 in fjord and coastal waters adjacent to large ice sheets. 
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5.2 Introduction 
The Arctic Ocean plays an important role in the global carbon cycle and contributes 5–14 % to 
the global ocean CO2 uptake (Bates and Mathis, 2009). High biological productivity combined 
with high seasonality in freshwater input and sea ice cover leads to strong dynamics in the 
carbonate system (Kaltin and Anderson, 2005). Increasing water temperatures, freshwater input 
and decreasing ice cover will likely have a profound effect on the carbon cycle of the coastal 
Arctic Ocean and will likely amplify the large seasonal and spatial biogeochemical gradients that 
occur in this area (Bates and Mathis, 2009; Mathis et al., 2011). While 25 % of the global 
continental shelves (water depth < 200 m) are located in the Arctic, we still have a limited 
understanding of the carbon dynamics in these high-latitude coastal systems due to the scarcity 
of studies compared to low-latitude coastal environments (Bates and Mathis, 2009). As a result, 
there are many open questions regarding how the carbon cycle in the Arctic will be affected by 
future environmental changes. 
 
Many of the coastal systems in the Arctic are affected by glacial meltwater input, which leaves a 
unique biogeochemical fingerprint upon their surface waters (Bamber et al., 2012; Etherington 
et al., 2007; Raiswell, 2013). Up to now only a few studies have investigated the CO2 uptake in 
Arctic fjord systems impacted by glacial meltwater input (Evans et al., 2014; Rysgaard et al., 
2012; Sejr et al., 2011). All these studies report substantial CO2 undersaturation in the surface 
water. Data from a seasonal study in the mouth of Godthåbsfjord (SW Greenland) revealed low 
CO2 partial pressure (pCO2) in the surface water thus leading to high CO2 uptake rates from the 
atmosphere (83 to 108 g C m-2 yr-1). As yet considerable uncertainty remains regarding the 
drivers of this high carbon sink (Rysgaard et al., 2012). On the one hand, high primary 
production estimates in west Greenland waters (67 to 500 g C m-2 yr-1; Jensen et al., 1999; Juul-
Pedersen et al., 2015; Rysgaard et al., 2012b) indicate that biological processes may have a 
strong effect on the carbonate dynamics and CO2 uptake. Rysgaard et al. (2012) put forth the 
hypothesis that glacial meltwater may exert a strong impact on the CO2 dynamics of Arctic fjord 
systems. However, the relative importance of biology versus glacial meltwater input is presently 
uncertain, and the mechanisms with regard to how glacial meltwater input can stimulate CO2 
uptake are unclear. Accelerated mass loss from the Greenland Ice Sheet and rapid climate 
change (Rignot et al., 2011) demand a conceptual understanding of how different drivers affect 
the carbon cycle in high-latitude coastal areas. The main focus of this study is to investigate the 
mechanisms controlling the CO2 uptake in fjord systems and shelf areas affected by glacial 
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meltwater by means of a case study in Godthåbsfjord (Greenland). To this end, an extensive 
sampling program was set up in 2013 involving monthly sampling at three dedicated stations in 
the fjord, in addition to seasonal transects across the whole fjord and shelf system. Data 
covering the full annual cycle of partial pressure of CO2, dissolved inorganic carbon (DIC) and 
total alkalinity (TA) were collected alongside hydrographic and biological parameters. This 
approach allowed us to resolve the seasonal importance of the different drivers in CO2 uptake 
and the impact of glacial meltwater on the carbonate dynamics in these high-latitude coastal 
systems. 
 
 
Figure 5.1: Map of the Godthåbsfjord system with the sampling stations in the fjord system and at Fyllas 
Banke (SW Greenland). The fjord system is divided into three zones, indicated by boxes. Meteorological 
data are available from a station in Nuuk. 
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5.3 Material and methods 
5.3.1 Field site 
This study was conducted in the Godthåbsfjord system (Nuup Kangerlua, southwest 
Greenland), which covers an area of 2013 km2 and has a volume of 525 km3 (Fig. 5.1). The 
mean depth of the fjord is 260 m and there is a sill of 170 m depth located at the entrance of 
the fjord (Mortensen et al., 2011; Rysgaard et al., 2012). Six outlet glaciers drain into the fjord 
system. Recent hydrological simulations estimate the annual freshwater input to Godthåbsfjord 
(excluding solid ice discharge as well as submarine melt from glaciers) to be 22.5 ± 5.2 km3 yr-1 
for the period 1991–2012 (Langen et al., 2014). Ice sheet runoff accounts for 60 % of the 
freshwater input, land runoff is responsible for 34 %, and net precipitation over the fjord surface 
represents the remaining 6 % (Langen et al., 2014). Van As et al. (2014) project a similar 
estimate of 10–20 km3 glacial ice loss per year (solid ice discharge, surface ice melt and 
submarine melt) for the Godthåbsfjord glaciers.  
 
5.3.2 Data 
Data were collected during four cruises in 2013 (February, May, August and 
September/October) along a length transect of 20 stations which covered the entire fjord as well 
as the Fyllas Banke, the adjacent part of the west Greenland continental shelf (Fig. 5.1). The 
data set was further complemented by monthly sampling at three selected stations – GF3, GF7 
and GF10 – over the period May 2012 to December 2013. These three sampling stations are 
representative of three different zones in the fjord (Fig. 5.1). Zone 1 (with GF3 as the 
representative station) comprises the outer part of the fjord (referred to as outer sill region by 
Mortensen et al., 2011), which is characterized by strong tidal currents, deep mixing and a weak 
summer stratification. Zone 2 (represented by GF7) covers the central part of the fjord, which is 
characterized by a relatively deep mixed stratified layer. Finally, zone 3 (represented by GF10) 
is the inner part close to the freshwater sources, which is most strongly affected by glacial 
meltwater and experiences strong stratification. 
 
At each station and sampling time, conductivity and temperature depth profiles were recorded 
by a CTD instrument (Sea-Bird SBE19plus), which was equipped with a fluorescence (Seapoint 
chlorophyll fluorometer) and photosynthetically active radiation (PAR) sensor (LI-COR 190SA 
quantum Q PAR sensor). Partial pressure of carbon dioxide (pCO2) was measured in situ using 
the HydroCTM carbon dioxide sensor (Contros, Germany) at seven water depths (1, 5, 10, 20, 
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30, 40 and 50 m). At each depth, the HydroC sensor was equilibrated for 2–5 min until a stable 
reading was obtained. The HydroC sensor was serviced and calibrated yearly by Contros. The 
relative standard deviation (RSD) of the pCO2 measurement has been estimated to be 1 % 
(Fietzek et al., 2014). Water samples were collected at eight water depths (1, 5, 10, 20, 30, 40, 
100 and 400 m) using 5 L Niskin bottles (KC Denmark Research Equipment). Unfiltered water 
was transferred by gastight Tygon tubing to 12.5 mL Exetainers (Labco, UK) for dissolved 
inorganic carbon (DIC) and total alkalinity (TA) analysis. Exetainers were left to overflow and 
samples were preserved by adding 0.02 % saturated HgCl2 solution (Dickson and Goyet, 1994). 
Samples were stored in darkness at 4 °C until further analysis. DIC was measured using an 
infrared DIC analyzer (Apollo SciTech), which consists of an acidification and purging unit in 
combination with a LI-COR-7000 CO2 /H2O gas analyzer. The RSDs for DIC were ±0.1 % (n = 
10). TA was determined using the standard operating procedure for open cell potentiometric  
titration (Dickson et al., 2007, SOP 3b) using an automatic titrator (Metrohm 888 Titrando), a 
high-accuracy burette (1 ± 0.001 mL), a thermostated reaction vessel (T = 25 ◦C) and a 
combination pH glass electrode (Metrohm 6.0259.100).  TA values were calculated by a 
nonlinear least-squares fit to the titration data (Dickson et al., 2007, SOP 3b) in a custom- made 
script in the open source programming framework R (R Core Team, 2013). The RSD of the 
procedure was ±0.2 % (n = 10). Quality assurance of TA and DIC analysis involved regular 
analysis of certified reference materials (CRM Batch 126 provided by A. G. Dickson, Scripps 
Institution of Oceanography). As noted by Bates et al. (2014), no CRMs are presently available 
for samples at low salinities and low alkalinities, and so the assumption is made that quality 
assurance based on CRMs remains robust at low salinities. Water samples for chlorophyll 
analysis were filtered through 25 mm GF/F filters (Whatman, nominal pore size of 0.7 µm). 
Filters were placed in 10 mL of 96 % ethanol for 18 to 24 h and chlorophyll fluorescence in the 
filtrate was analyzed using a fluorometer (TD-700, Turner Designs) before and after addition of 
200 µL of a 1 M HCl solution.  
 
Primary production was measured using the 14C incubation method (Nielsen, 1952). Incubation 
bottles were filled with 55 mL unfiltered seawater and spiked with 175 µL NaH14CO3 (20 µ Ci 
mL-1) and incubated for 2 h in an ICES incubator (Hydro-Bios, Germany). The samples were 
filtered onto 25 mm GF/F filters (Whatman) and 100 µL of 1 M HCl was added to remove excess 
NaH14CO3, and then the filters were left open for 24 h in the fume hood. Subsequently, 10 mL of 
scintillation cocktail (Ultima Gold, PerkinElmer) was added to the samples before counting them 
on the scintillation counter (liquid scintillation analyzer, Tri-Carb 2800TR, PerkinElmer). After 
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subtracting fixation rates obtained from the dark incubations, gross primary production rates 
were calculated based on measured DIC concentrations. Photosynthesis–irradiance (P-I) curves 
were obtained for 11 sampling dates at 2 separate depths (5 and 20 m). The light extinction 
coefficient was calculated from the measured PAR profile. Solar irradiance values were obtained 
from the meteorological survey in Nuuk (meteorological station 522, Asiaq Greenland Survey). 
Using the solar irradiance at each day, the light extinction coefficient and the P-I curves at the 
monthly sampling dates, the daily productivity was calculated over the entire year. This approach 
assumes that light extinction and P-I curves remain the same in the 2-week period before and 
after the sampling dates. Bacterial production was measured using the 3H-thymidine method 
(Fuhrman and Azam, 1982). Triplicate samples (10 mL) were incubated at in situ temperature in 
the dark. After an incubation of 6 to 8 h, bacterial activity incubations were stopped by adding 500 
µL of 100 % trichloroacetic acid (TCA). The samples were subsequently filtered through 25 mm 
cellulose ester filters (pore size 0.2 µm, Advantec MSF). The equations from Søgaard et al. 
(2010) were used to calculate bacterial production. For the calculation of the bacterial carbon 
demand from the bacterial production, a bacterial growth efficiency of 0.5 was used according to 
Rivkin and Legendre (2001). The difference in pCO2 between surface water and atmosphere 
drives the air–sea exchange (ASE) of CO2, which was calculated using the relation:  
ASE  =  Kav α ΔpCO2  (1) 
where ΔpCO2 is the difference in pCO2 of the surface water (here at 1 m water depth) and the 
atmospheric pCO2. Negative values of ASE imply an uptake by the surface seawater and 
positive values an efflux to the atmosphere. The atmospheric pCO2 was measured monthly at 
GF3 using an infrared CO2 monitor (EGM-4 PP systems). The mean atmospheric pCO2 was 
400 µatm for 2013. The quantity α is the solubility of CO2 in seawater (mol m
-3
 
atm-1). Kav (m s
-1) 
is the gas transfer coefficient calculated using the formulations of both Nightingale et al. (2000) 
and Wanninkhof and McGillis (1999). These formulations depend on the wind speed data (m s-1) 
at 10 m a.s.l., obtained from a weather station located in the fjord system (meteorological station 
522, Asiaq Greenland Survey). The monthly mean wind speed varied from 5 to 9 m s-1 for 2012 
and 2013, but during storms peak wind speeds up to 30 m s-1 were recorded. 
 
Processing of data was done in R (R Core Team, 2013). The R package CRAN: AquaEnv 
(Hofmann et al., 2010) was used for acid–base speciation and CO2 system calculations. We 
used the carbonate equilibrium constants by Roy et al. (1993) with the adaptation by Millero et al. 
(1995) for low salinities. Consequently the dissociation constants are valid over a salinity range 
of 0-45 and temperature range from 0 to 45 ◦C. To test the sensitivity of our calculations we also 
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implemented the equilibrium constants by Millero et al. (2006), which had a negligible impact, 
thus showing that our thermodynamic calculations of the CO2 system are robust against the 
choice of the carbonate equilibrium constants. Interpolation of the data and contour plots were 
produced using the R package CRAN: Akima (Akima et al., 2006). 
 
5.3.3 Biogeochemical model 
To analyze the impact of the glacial meltwater input on the seasonal carbon dynamics of the 
fjord system, a simplified biogeochemical model was constructed. The model describes how the 
pCO2 dynamics in the surface water is influenced by the circulation in the fjord, the input of 
glacial meltwater, ASE of CO2 and net ecosystem production. This biogeochemical model is 
constrained by an inverse modeling procedure using the monthly data from the three reference 
stations as well as the data from the four seasonal transects across the fjord system. The 
biogeochemical model of the fjord system is com- posed of three separate, connected boxes, 
representing the outer, central and inner part of the fjord system and one large “open sea” box, 
representing the outer shelf; the latter was added to obtain full mass balance closure. Each box 
represents the upper 40 m of the water column since this depth range is most strongly affected 
by primary production (due to light availability) and the glacial meltwater imprint (via 
stratification). The model includes a water mass balance in addition to the mass balances of 
three state variables (salinity, DIC and TA) for each box (Table 5.1). Once DIC and TA are 
known, all relevant parameters of the carbonate system (including pCO2) can be calculated. 
 
5.3.3.1 Water mass balance 
Figure 5.2 shows a simplified circulation model for the fjord system. Intrusion of coastal water 
into the fjord leads to deep water upwelling and an input of saline water (Fi) in each of the three 
zones. The inner zone of the fjord experiences an input of glacial meltwater (Qg). The combination 
of saline sea- water intrusion and freshwater from the glacier results in a return flow (Qi) in the 
surface water which is eventually discharged onto the Greenland shelf. The resulting water 
mass balance equations are shown in Table 5.1 (Eqs. 1–3, Table 5.1). Based on these water 
balance equations, a subsequent mass balance for salinity can be constructed in the three 
different zones (Table 5.1).  
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Figure 5.2: Conceptual model of the fjord system from glacier (right) to open sea (left). The fjord is divided 
into three zones (according to the zones indicated on the overview map). 
 
The magnitude of the different water flows in the fjord system is unknown and these flows are 
expected to vary strongly throughout the year due to the strong seasonality in the glacial 
meltwater input as well as seasonal inflows of coastal water (Mortensen et al., 2011). The 
water mass balance provides three independent equations, which allows for the three return 
flows, Qi(t), to be constrained when the sea-water inputs, Fi(t), and glacial meltwater input, 
Qg(t), are known. The variation in the glacial meltwater input with time, Qg(t), was estimated 
from salinity observations at station GF10 close to the outlet glaciers. The total annual 
meltwater input into Godthåbsfjord was constrained to be 20 km3 yr-1 as derived from regional 
climate model simulations for Godthåbsfjord (Langen et al., 2014; Van As et al., 2014). The 
relative contribution of freshwater (x) at station GF10 was estimated from a two-end-member 
mixing model (S = x SFW + (1 − x) · SSW; Sect. 5.2.3.3.). The contribution x was calculated at each 
month and fitted with a smoothing spline. Assuming that x scales with Qg(t), the temporal 
variation in x was used to predict the temporal variation in Qg, ensuring that the integrated 
annual meltwater input was equal to 20 km3 yr-1. The values of the three remaining seawater 
inputs (Fi(t)) in the different zones were obtained by an inverse modeling approach using the 
monthly salinity data obtained at the three representative stations (GF3, GF7 and GF10). To 
this end, we estimated the salinity changes dSi/dt in the different zones by fitting a cubic 
smoothing spline (Hastie and Tibshirani, 1990) through the monthly salinity data and 
subsequently taking the derivative. If we implement both the observed salinities and the salinity 
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changes, we obtain a linear set of three equations (Eqs. 4–6, Table 5.1), which allows for 
estimation of the seawater inputs (Fi(t)). 
 
Table 5.1: Mass balance equations of the biogeochemical model. Vi and Ai are respectively the 
volumes and areas of the different zones. ΔpCO2 is the difference in pCO2 of the water (modeled) and 
the atmospheric pCO2 (400 µatm), with negative values implying an uptake by the sea. α is the CO2 
solubility (mol m
-3 atm
-1
). Kav (m s
-1
) is the gas transfer coefficient calculated using the formulation of 
Nightingale et al. (2000). NCP is the net community production. The glacial meltwater input into the fjord 
Qg(t) is imposed as a forcing function upon the model – see material and methods for details how Qg(t) is 
parameterized as a function of time. 
 
5.3.3.2 Dissolved inorganic carbon balance 
The different water flows as derived from the water and salinity mass balances were used to 
parameterize the transport terms in the mass balances for TA (Eqs. 7-9, Table 5.1) and DIC 
(Eqs. 10-12, Table 5.1). Alkalinity was assumed to behave conservatively within the fjord and 
hence was only influenced by transport (Thomas and Schneider, 1999). In contrast, the DIC 
mass balance accounted for transport processes, but also ASE of CO2 and net community 
production (NCP; Table 5.1). Air-sea CO2 fluxes were calculated according to Eq. (1) using the 
formulation by Nightingale et al. (2000) for the gas transfer coefficient. The pCO2 concentration 
of the surface water was calculated from salinity, temperature, TA and DIC using the R package 
CRAN: AquaEnv (Hofmann et al., 2010). The net community production (NCP) was calculated 
as the difference between the primary production (PP) and bacterial carbon demand (BCD), and 
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values for the rate of these processes were determined based on monthly rate measurements. 
Accordingly, NCP was imposed as a forcing function upon the model. 
 
5.3.3.3 End-member composition 
The model uses two end-member types of water as input: freshwater (FW) from glacial 
meltwater and saline water (SW) intruding across the sill and upwelling from the deeper fjord to 
the surface layer. The composition (S, DIC, TA) of both end-member types of water was 
determined based on collected data. As detailed above, the largest fraction of the freshwater 
input (60 %) is from glacial origin, and so we used the properties of glacial meltwater for the 
freshwater end member. To this end, 20 samples were collected from icebergs in the fjord. 
Salinity, DIC and TA were measured after thawing the ice in the laboratory in gas-tight bags (SFW 
= 0, DICFW = 80±17 µmol kg
-1, TAFW = 50±20 µmol kg
-1). As noted above, Godthåbsfjord is also 
affected by other freshwater sources: 34 % originates as surface runoff from the surrounding 
watershed, while 6 % is attributed to direct precipitation on the water surface of the fjord system 
(Langen et al., 2014). Samples collected from snow indicate an average DIC concentration in 
snow of 74 µmol kg-1 (Søgaard, unpublished data; TA was not measured). This value lies close 
to the values measured in ice samples, and indicates that surface runoff could be similar to the 
glacial meltwater. Accordingly, we prefer the use the most parsimonious model, which only 
considers one type of freshwater end member, for which we used the measured properties of 
the glacial meltwater. However, characteristics of freshwater are likely characterized by similar 
properties (low DIC and low TA) compared to the seawater end member. For the seawater end 
member, we used the properties of deep fjord water (water at 400 m depth), which is shown 
to be comparable to the properties of the water on the shelf (SSW = 33.65, DICSW =2150 µmol 
kg-1, TASW = 2220 µmol kg
-1 and TSW = 2 °C). The properties of SW end member were assumed 
not to vary through the year. The bottom-water DIC and TA in the deep part of the fjord shows 
little seasonality, as the fjord is relatively deep (up to 600 m), and this large volume buffers 
against fluctuations induced by remineralization of organic matter originating from plankton 
blooms. 
 
5.3.3.4 Numerical solution 
A numerical solution procedure for the resulting differential equations was implemented in R 
following Soetaert and Meysman (2012). The set of differential equations was integrated using 
the R package CRAN: deSolve (Soetaert et al., 2010). The calculation of the carbonate system 
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(and hence pCO2) at each time step of the numerical simulation was performed via the 
operator-splitting approach as detailed in Hofmann et al. (Hofmann et al., 2008). The resulting 
pCO2 concentration can then be employed in the kinetic rate expression for the air–sea CO2 
exchange. The model was run over a full seasonal cycle (representing the year 2013) and with 
a spin-up period of 2 years. The goodness of fit (GOF) between model simulation output and 
observational data was calculated as the sum of squared residuals.  
 
5.4 Results 
5.4.1 Carbon dynamics in the Godthåbsfjord system 
The hydrography of Godthåbsfjord is strongly affected by the seasonal input of glacial 
meltwater. Figure 5.3 shows the spatial distribution of salinity in the upper 40 m of the water 
column during four cruises in 2013 (February, May, August and October). The length transect 
ranges from the Green- land continental shelf to the inner part of the fjord, where six glaciers 
discharge. Low freshwater runoff during winter and spring months coincides with high salinities 
∼33 in the upper 40 m of the water column throughout the fjord (Fig. 5.3a and b). Increased input 
of glacial meltwater during summer creates a strongly stratified system where the surface water 
shows a distinct layer in the central and inner part of the fjord (Fig. 5.3c). Due to distribution of 
freshwater sources, the impact is most pronounced at the inner fjord stations (GF9 to GF13), 
where in August salinity drops to ∼8 in a shallow surface water layer of 10 m depth. In the 
central fjord (GF5 to GF8), summer salinity decreases to 17 and the up- per layer of low-salinity 
water layer extends deeper to 15-20 m depth. In the outer part of the fjord (the outer sill region, 
GF1 to GF4), the salinity decrease with depth is less pronounced as the freshwater is mixed 
deeper into the water column by strong tidal mixing. Still, even at the shelf stations (FB1 to 
FB4), a weak imprint of glacial meltwater can be observed. Decreased input of glacial meltwater 
during the autumn months coincides with a gradual increase in salinity in the surface layer and a 
less steep halocline (Fig. 5..3d).  
 
Strong seasonality was also observed in the fluorescence data (Fig. 5.4). Evidence of a spring 
bloom is indicated by the high chlorophyll a concentrations on the shelf (FB4 to FB1) and in the 
central fjord (GF5 to GF8) observed during the May cruise (Fig. 5.4b). In contrast to the May 
situation, where the chlorophyll a is evenly distributed in the upper 40 m of the water column, 
distinct chlorophyll maxima were observed in August (Fig. 5.4c). During the August cruise, high 
fluorescence values of ∼ 6 µg L-1 were observed at the outer shelf stations at approximately 30 
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m depth (FB4 and FB3.5). Clear chlorophyll a maxima also occurred in the central and inner 
part fjord, with values of ∼ 10 µg L-1 at 20 m depth at GF8 and values of ∼ 15 µg L-1 at 10 m 
depth in the inner fjord (GF9 to GF12). In February and October, low chlorophyll a 
concentrations were measured throughout the entire fjord and shelf system (all values lower 
than 1 µg L-1; note that values are missing for the shelf region in February).  
 
Figure 5.3: Transects of salinity from the shelf (left) to the glaciers (right) during February (a), May (b), 
August (c) and October (d) 2013. The red line indicates the mouth of the Godthåbsfjord area. 
 
Surface waters were permanently undersaturated in CO2 with respect to atmospheric 
equilibrium in the entire fjord system throughout the whole year 2013 (note that only surface 
pCO2 data are available for February).  Maximum pCO2 surface values of ∼350 µatm were 
measured in February, and at this time, surface pCO2 did not vary throughout the fjord (Fig. 
5.5a). In May CO2 undersaturation became more pronounced, and the lowest values were 
observed over the shelf and in the surface layer at the inner fjord stations (Fig. 5.5a). At the 
shelf stations, low pCO2 values (< 240 µatm) were observed throughout the water column and 
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these coincided with DIC concentrations lower than 2000 µmol kg-1 that were also 
homogeneous throughout the water column (Figs. 5.5b and 5.6a). Despite the occurrence of 
low pCO2 values (∼ 200 µatm) coinciding with low DIC (∼1950 µmol kg
-1) in the surface layer 
of the inner fjord stations, high pCO2 values (> 300 µatm) and high DIC concentrations (> 2000 
µmol kg-1) were observed in the layer below 20 m depth (Figs. 5.5b and 5.6a). 
 
Figure 5.4: Transects of fluorescence (calibrated vs. chlorophyll a in µg L
-1
) from the shelf area (left) to 
glaciers (right) during February (a), May (b), August (c) and October (d) 2013. The red line indicates the 
mouth of the Godthåbsfjord area 
 
 In August a further decrease in surface pCO2 was observed in the central and inner part of the 
fjord (Fig. 5.5c). Undersaturation was strongest at the stations closest to the tide- water outlet 
glaciers where pCO2 values as low as 74 µatm were measured (Fig. 5.5c). At this time, the DIC 
concentration also dropped below 800 µmol kg-1 in the upper meters of the water column (Fig. 
5.6b). Below this shallow layer of low-salinity water, DIC concentrations and pCO2 values 
increased strongly with depth, reaching respectively ∼2000 µmol kg-1 and ∼330 µatm at 40 m 
depth. The water layer depleted in pCO2 and DIC extends to greater depth in the central 
region of the fjord (GF5-GF8, Figs. 5.5c and 5.6d) but the undersaturation in the surface is not 
as pronounced compared to the stations close to the tidewater glaciers. For the stations on the 
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shelf, the pCO2 values in August were similar to those observed in May (Fig. 5.5a), though a 
subsurface minimum with pCO2 values lower than 220 µatm was observed at 30 m depth at 
one of the slope stations (FB3.5, Fig. 5.5c).  
 
Figure 5.5: Partial CO2 pressure data (pCO2 in µatm) at 1 m depth for the four cruises (a). The full line 
indicates the average atmospheric concentration (400 µatm) measured during the year 2013. pCO2 data 
for the May (b), August (c) and October (d) cruise in the upper 40 m water column from the shelf area 
(left) to glaciers (right). The red line indicates the mouth of the Godthåbsfjord area 
 
In October pCO2 and DIC values in the surface waters gradually increased again compared to 
the previous campaigns (Figs. 5.5a and 5.6c). The lowest values were still found in the inner 
part of the fjord (Figs. 5.5d and 5.6c). Gradients with depth were not as strong, most likely due to 
reduced stratification (Fig. 5.3d). 
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Figure 5.6: Dissolved inorganic carbon (DIC in µmol kg
-1
) data for May (a), August (b) and October (c) 
2013 along a transect from the shelf (left) to the glaciers (right). The red line indicates the mouth of the 
Godthåbsfjord area. 
 
5.4.2 CO2 dynamics close to the glaciers 
Time series from the station GF10, located in the inner  fjord system (Fig. 5.1), show the 
seasonal evolution in the depth-averaged values (0–40 m) for salinity and temperature (Fig. 
5.7a), the parameters of the carbonate system (Fig. 5.7b), chlorophyll a (Fig. 5.7c), and primary 
production and bacterial carbon demand (Fig. 5.7d). The mean salinity in the upper water 
column was ∼ 33 during late winter and spring, when freshwater runoff to the fjord is at its 
minimum (Fig. 5.7a). Around early June, salinity started to decrease rapidly and attained its 
annual minimum (∼ 27 in 2013) in August, corresponding to the period of highest freshwater 
input due to glacial melt. From August onwards to late winter, salinity showed a gradual 
increase, after which values remained constant from March to June. Temperature ranged from 
0.5 to 3.5 °C and showed a more irregular seasonal pattern.  Lowest temperature was observed 
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in February whereas the highest value was recorded in October. During the period from March 
to August 2013, the depth-averaged temperature fluctuated around 1.5 °C (Fig. 5.7a). 
 
Figure 5.7: Time series of (a) average (0–40 m) salinity and temperature (◦C) ; (b) DIC, TA (µmol kg
-1
) 
and CO2 partial pressure (pCO2, µatm); (c) chlorophyll a concentration (µg L
-1
); (d) and primary production 
and bacterial carbon demand (g C m
-2 d
-1
) from June 2012 to December 2013 for station GF10. 
 
The seasonal cycle of the carbonate system tracked the temporal evolution of salinity. Values 
of pCO2, DIC and TA showed a gradual increase during the winter months in the upper 40 m. 
Maximum values were obtained in March with depth-averaged values of pCO2 ∼ 350 µatm, 
DIC ∼ 2040 µmol kg-1 and TA ∼ 2200 µmol kg-1. In April 2013, the pCO2 dropped rapidly and 
reached ∼ 250 µatm by the middle of May, while the average DIC concentration in the upper 
40 m simultaneously decreased to ∼ 1950 µmol kg-1 (Fig. 5.7b). Coinciding with this spring 
decrease in DIC and pCO2, high chlorophyll a concentrations were observed (Fig. 5.7c). High 
primary production rates match the high chlorophyll a concentrations, and bacterial carbon 
demand also increased (Fig. 5.7d). During the subsequent summer months, DIC in the upper 
40 m decreased to an average concentration of 1850 µmol kg-1 in 2013 (and ∼1700 µmol kg-
1 in 2012), coinciding with the strong salinity decrease due to glacial meltwater runoff. The 
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alkalinity shows a similar decrease in response to the increase in freshwater input. Despite the 
strong pCO2 decrease in the upper 20 m, with concentrations down to 100 µatm in the surface 
water of the inner fjord (Fig. 5.5c), the summer decrease in pCO2 at GF10 (Fig. 5.7b) was 
less pronounced (minimum at ∼ 200 µatm) due to depth averaging (mean over  0–40 m layer). 
Continued primary production and bacterial carbon demand was observed after the spring 
bloom, although rates are lower and depth- averaged chlorophyll a values were around 2-3 µg 
L-1 (Fig. 5.7c and d). From October onwards, the pCO2, TA and DIC concentrations started to 
increase slowly to reach the maximal winter values, while chlorophyll a values were negligible. 
Measurements of primary production and bacterial carbon demand allowed for estimation of net 
community production at station GF10, giving a value of 85 g C m-2 yr-1 for 2013. 
 
5.4.3 Air–sea exchange of CO2 in the fjord system 
Using the monthly surface pCO2 data collected at three stations (GF3, GF7 and GF10) over 
2013, the air–sea CO2 flux can be quantified using wind speed data from the meteorological 
station at Nuuk (Fig. 5.8a). pCO2 in surface waters was permanently below atmospheric pCO2, 
leading to  a CO2 uptake during the entire year (Fig. 5.8b). Depending on the formulation of the 
gas transfer coefficient (Nightingale et al., 2000; Wanninkhof and McGillis, 1999), the mean 
annual CO2 uptake at the inner fjord station GF10 is 70 to 82 g C m
-2 yr-1. The GF7 station in the 
central fjord showed an average uptake of 60 to 66 g C m-2 yr-1, while the uptake was 37 to 39 g 
C m-2 yr-1 at GF3 in the outer part of the fjord. Based on these estimates data from the three 
stations, the area-averaged annual CO2 uptake in the entire fjord system was calculated to be 
∼ 65 g C m-2 yr-1. The mean CO2 uptake was also calculated for the seasonal transects in May, 
August and October based on the measured pCO2 surface data and using the daily wind speed 
values during the month that spans the sampling date (i.e., 14-day period before and after). 
Confirming the pattern observed at the three monitoring stations, the uptake is higher close to 
the glaciers and lower at stations downstream the fjord but rises slightly again over the shelf 
(Fig. 5.8c). Lower surface pCO2 in the central and inner fjord led to almost a doubling of the 
CO2 uptake in the inner part of the fjord compared   to the outer part. The wind, however, also 
plays an important role: despite higher surface pCO2 values in May, higher wind speeds (Fig. 
5.8a) led to a higher CO2 uptake. ANOVA analysis indicates that uptake is significantly different 
between stations and between months (P < 0.001). 
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Figure 5.8: . (a) Mean daily wind speed (m s
-1
) at the meteorological station in Nuuk. (b) Time series of 
mean monthly air–sea CO2 flux (ASE, g C m
-2
 
d
-1
) at three stations (GF3, GF7 and GF10) in the fjord. (c) 
Mean ASE (g C m
-2
 
d
-1
) from three cruises in the fjord system from the shelf (Fyllas Banke, left) to inner 
fjord glaciers (right). 
 
5.4.4 Model results: driving factors of the carbon dynamics 
To resolve the importance of the different driving forces of CO2 uptake in the fjord, a simplified 
biogeochemical model was used to simulate the DIC and pCO2 in the region closest to the 
glacier (GF10, zone 3; Fig. 5.2). This zone is most strongly affected by glacial meltwater input 
and primary production and hence shows the highest excursions in the parameters of the 
carbonate system. Figure 5.9 shows the simulated annual cycle of DIC and pCO2 at GF10 
compared with the measured data. Simulations were performed (1) with and without the effect of 
net community production on carbon dynamics and (2) with a constant temperature throughout 
the year (the average mean winter temperature in upper 40 m, which was 0.5 °C) or with a 
variable temperature based on the observations. Simulations that included NCP managed to 
reproduce the DIC and pCO2 evolution better as quantified by goodness of fit. The NCP has 
especially a strong effect on the evolution of the pCO2. The inclusion of seasonal temperature 
variation had an overall moderate effect on the simulation output. Higher temperatures during 
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summer and autumn (1.5 to 3 °C, Fig. 5.7a) led to a reduction of the undersaturation in CO2 
compared to the simulation with variable temperature. 
 
 
Figure 5.9: Seasonal evolution of DIC (in µmol kg
-1
) (a) and pCO2 (in µatm) (b and c) calculated by the 
biogeochemical model together with data from 2013 at station GF10 (blue points indicate measured data 
averaged over a 40 m box). Simulations of the model are shown with and without net community 
production (NCP). Simulations of the evolution of pCO2 are shown without (b) and with (c) NCP and for a 
variable temperature and constant temperature (0.5 °C, the average winter temperature). 
 
Figure 5.10 summarizes how transport processes (including the input of glacial meltwater), ASE 
and biological processes affected the change in DIC concentration in GF10. The DIC dynamics 
show three distinct periods. From January to March, the net change in DIC is positive and DIC 
increased slowly to maximum values (Period I). DIC subsequently decreased strongly in April 
coinciding with high NCP (Period II). In July and August, a second decrease in DIC was 
observed (Period III) coinciding with strong input of glacial meltwater. From September onwards 
the DIC concentration started to increase again to its maximum winter values (Period I). 
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Figure 5.10: Overview of how different processes (transport, air–sea exchange and net community 
production) contribute to the temporal observed change in DIC (µmol kg
-1 d
-1
) for the station close to the ice 
sheet (GF10). Uptake of CO2 by the sea from the atmosphere is shown as a positive value 
 
5.5 Discussion 
5.5.1 Air–sea CO2 exchange in fjord and coastal waters adjacent to the Greenland Ice 
Sheet 
Our observations of low pCO2 in the Godthåbsfjord system in south Greenland complement the 
existing observations of subarctic nearshore and offshore areas showing a marked CO2 
undersaturation. The surface waters of the shelf area (Fyllas Banke) and Godthåbsfjord were 
strongly undersaturated in CO2 relative to the atmosphere during the entire year (Fig. 5.5), and 
this strong undersaturation led to a high uptake of CO2. Based on our data from monthly 
measurements during 2012-2013 at three stations in the fjord, we calculated a mean annual CO2 
uptake of 65 g C m-2 yr-1. This estimate is lower than the uptake of 83 to 108 g C m-2 yr-1 
estimated earlier for the outer sill region of Godthåbsfjord (Rysgaard et al., 2012). The 
difference between both estimates is possibly explained by strong interannual variability in the 
flux (Rysgaard et al., 2012). Our estimate for the CO2 uptake in Godthåbsfjord is higher than 
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values previously reported from other sites in Greenland, such as 52 g C m-2 yr-1 offshore in the 
Greenland Sea (Nakaoka et al., 2006) and 32 g C m-2 yr-1 in Young Sound, a fjord in northeast 
Greenland (Sejr et al., 2011), indicating that Godthåbsfjord is a strong sink of CO2. Our 
estimates for the CO2 uptake at the Fyllas Banke shelf area (0.15 to 0.6 g C m
-2 d-1) are also 
substantially higher than the aver- age uptake of 0.04 g C m-2 d-1 reported by Chen et al. (2013) 
for shelf areas located higher than 50° N. This underscores that the coast off southwest 
Greenland is an important sink for CO2, and further corroborates the idea that high-latitude 
shelves in general are important CO2 sinks. 
 
5.5.2 Effect of glacial melt on the carbon dynamics 
Our data show the strongest undersaturation in CO2 (Fig. 5.5a and c) and the highest CO2 
uptake in the inner part of the Godthåbsfjord system (Fig. 5.8). High CO2 uptake has been re- 
ported before in fjord systems affected by glacial meltwater (Rysgaard et al., 2012; Sejr et al., 
2011; Torres et al., 2011), indicating that glacial melt could affect the carbonate dynamics and 
drive CO2 uptake. However, the actual mechanism by which glacial melt induces such strong 
undersaturation in CO2 has not yet been elucidated. 
 
Glacial meltwater can affect undersaturation in different ways. First of all, the meltwater itself 
can be undersaturated in CO2. Iceberg samples collected in the Godthåbsfjord area showed an 
average DIC concentration of 80 ± 17 µmol kg-1 and TA of 50 ± 20 µmol kg-1, yielding a pCO2 
value of ∼ 380 µatm. Accordingly, the meltwater is slightly undersaturated compared to the 
measured atmospheric CO2 values of ∼ 400 µatm. Measurements by Sejr et al. (2011) in a 
meltwater river in east Greenland also indicated that meltwater is undersaturated in CO2 (a pCO2 
around 39–58 µatm). However, Ryu and Jacobson (2012) found CO2 oversaturation in rivers 
between the Greenland Ice Sheet and the Kangerlussuaq fjord that were fed by meltwater of 
land- terminating glaciers. However, by the time the water reached the actual fjord, the excess 
CO2 had evaded and the river water was in equilibrium with the atmosphere. The low end-
member values of glacial meltwater are further con- firmed by linear regression of TA and DIC 
versus salinity of all our carbonate system observations (TA = 159 + 63 × S; R2 = 0.95 and DIC 
= 61 + 59 × S; R2 = 0.92). These relations are similar to those obtained by Rysgaard et al. (2012; 
TA = 161 + 61 × S and DIC = 169 + 55 × S), apart from the DIC value of the freshwater end 
member. However, it should be noted that the freshwater end-member values derived from these 
relations should be interpreted with caution, as confidence intervals widen near the end points 
of the range covered by linear regression, which is aggravated by the scarcity of data points at 
 CO2 uptake in Greenland’s fjords  
 
115 
 
low salinities. As a result, a large uncertainty propagates into the estimated DIC and TA values 
of the freshwater end member. Therefore, in further calculations here we use the DIC and TA 
values based on our measurements of meltwater from iceberg samples. Input of glacial ice and 
subsequent melting will consequently create a CO2 sink in Godthåbsfjord. With an  
undersaturation in CO2 of ∼ 380 µatm and a glacial freshwater discharge  of 20 km
-3 yr-1 to the 
fjord system (Langen et al., 2014; Van As et al., 2014), this directly translates into an uptake  of 
0.5–2.0 g C m-2 yr-1 in Godthåbsfjord. This direct effect of glacial meltwater on undersaturation 
of CO2 hence only accounts for a minor fraction of CO2 uptake in the fjord sys- tem (i.e., 1-3 % 
of the annual CO2 uptake, estimated to be 65 g C m
-2 yr-1). A second mechanism by which 
glacial meltwater can induce undersaturation in CO2 is the nonconservative behavior of pCO2 
during the mixing of fresh and saline water. This mixing effect potentially explains a large part of 
the low pCO2 (and consequent CO2 sink) that we observed in the Greenland fjord systems. The 
mechanism can be understood by considering the mixing of two water parcels with different 
composition. When mixing is conservative, the concentration of a chemical compound obeys the 
relation 
[E]Mix(M1+M2) = [E]1M1 + [E]2M2, (2) 
where [E] is the concentration of the compound E and M represents the masses of the water 
parcels. Salinity, TA and DIC are conservative quantities with respect to mixing (Wolf-Gladrow 
et al., 2007). However, the fact that TA and DIC mix conservatively does not imply that pCO2 
will behave conservatively upon mixing. In other words, if two water parcels mix that are initially 
in equilibrium with the atmosphere, this does not imply that the resulting mixture will also be in 
equilibrium with the atmosphere. In fact, mixing of fresh and saline water induces a strong 
undersaturation in CO2. Figure 5.11a shows the undersaturation created when two water 
masses at equilibrium are mixed – one with low salinity, low TA and low DIC (representative of 
meltwater from glacial origin) and one with high salinity, high TA and high DIC (representative 
of saline fjord water). The mixture of these two parcels will be undersaturated in CO2 due to the 
thermodynamic effect of salinity on pCO2. Consequently this water parcel will take up CO2 
when in contact with the atmosphere (Fig. 5.11a). Note that the strongest undersaturation is 
obtained when the resulting mixture has a salinity of ∼ 8 and that undersaturation in CO2 can 
exceed 200 µatm below the atmospheric level (Fig. 5.11a). This salinity effect on pH and pCO2 
dynamics has been described previously for estuarine systems (Mook and Koene, 1975; Whitfield 
and Turner, 1986) and sea ice (Delille et al., 2007), but as yet the mechanism has not been 
invoked to explain the low pCO2 in high-latitude fjords and shelves. In fjord systems affected by 
glacial melt, meltwater (with low TA, DIC and salinity) mixes with ambient fjord waters (with 
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high TA, DIC and salinity). This mechanism could hence constitute an important driver for 
undersaturation in CO2 when large amounts of meltwater are discharged into the fjord, so that 
salinity levels are sufficiently reduced. The undersaturation in CO2 that has been previously 
observed in other high-latitude systems (Evans et al., 2014; Sejr et al., 2011; Torres et al., 
2011) could possibly be explained by this same mechanism, since these systems also show 
the signature of a large input of glacial meltwater, leading to a strong reduction in salinity.  
 
 
Figure 5.11: Panel (a) shows undersaturation created as ΔDIC (in µmol kg
-1
) and ΔpCO2 (in µatm) as a 
function of salinity of the mixture (and mixing ratio, x, indicating the fraction freshwater) when two water 
masses in equilibrium with atmosphere are mixed: a first water parcel in equilibrium with the atmosphere 
with TA of 50 µmol kg
-1
, DIC of 81.2 µmol kg
-1
, salinity of 0 and temperature of 0 °C (glacial origin), and a 
second parcel in equilibrium with the atmosphere with TA of 2220 µmol kg
-1
, DIC of 2118 µmol kg
-1
, 
salinity of 33.65 and temperature of 0 °C (fjord/sea water). Panel (b) shows the estimated pCO2 profile 
calculated from the salinity profiles of August in the three different zones in the fjord system. 
 
In Godthåbsfjord, undersaturation in CO2 is strongest during the summer months, when large 
volumes of meltwater are mixed with fjord water and salinity in surface layer drops to ∼8 (which 
coincides with the maximum undersaturation observed in Fig. 5.11a). The correlation in the 
timing of the undersaturation and meltwater discharge suggests that the salinity effect described 
above could be an important driver of the observed undersaturation in CO2. To verify this 
hypothesis, we used the salinity depth profiles recorded in August 2013 at the three monitoring 
stations. We calculated the associated pCO2 depth profile, assuming that only the salinity effect 
is in effect and that no other processes (such as ASE and biological processes) are affecting 
the pCO2 depth profile (Fig. 5.11b). In the upper meters of the water column close to the 
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glacier, where large volumes of freshwater are discharged (zone 2 and 3), a strong 
undersaturation effect is observed where pCO2 values drop below 200 µatm (Fig. 5.11b). This 
indicates that glacial meltwater input is indeed an important driver for the strong 
undersaturation in CO2 and high CO2 uptake as observed in summer in the inner part of 
Godthåbsfjord.  
 
When freshwater is transported downstream, this water will gradually mix with larger quantities 
of saline seawater, and so its salinity will increase. Along this trajectory, a water parcel can 
accumulate more and more carbon due to air–sea CO2 exchange. When using the freshwater 
and saline end members introduced above (Fig. 5.11), and employing standard thermodynamic 
calculations of the carbonate system, we calculated that, for every kilogram of ice melted, a total 
of 1.8 mg C can be sequestered as CO2 from the atmosphere before the water exits the fjord at 
a salinity of 32. If we combine this with the estimated glacial meltwater input of 20 ± 5 km3 yr-1 
(Van As et al., 2014), this mechanism could be responsible for an uptake of 18 ± 5 g C m-2 yr-1 in 
the Godthåbsfjord system, which constitutes 28 ± 7 % of the total CO2 uptake by the fjord 
system. Our detailed model simulations using the hydrological model for the fjord system (Table 
5.1), which explicitly accounts for spatial and temporal variability in the CO2 uptake from the 
atmosphere, provide estimates in the range of 10–20 g C m-2 yr-1. Note, however, that the 
biogeochemical model assumes homogenized conditions over the 40 m water depth, and so it 
may underestimate the undersaturation in CO2 in the upper water layer (Fig. 5.11b), thus 
explaining the lower estimates as obtained by the thermodynamic calculations. 
 
5.5.3 A seasonal cycle in a glacial-meltwater-affected fjord 
In addition to the input of glacial meltwater, other driving forces are affecting the annual cycle of 
the carbonate system in Godthåbsfjord. The relative importance of driving forces differs across 
the seasonal cycle. Our data suggest three distinct phases in the annual cycle, which is 
represented by the scheme in Fig. 5.10. 
 
5.5.3.1 Phase 1: autumn and winter period 
During autumn, glacial meltwater input and freshwater runoff to the fjord slowly diminishes 
(Figs. 5.3 and 5.7). Combined with dense coastal inflows to the fjord, this leads to a gradual 
salinity increase in the upper water layer and flushing of accumulated freshwater out of the 
Godthåbsfjord system (Fig. 5.7; Mortensen et al., 2011, 2013). Weakening of the surface 
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stratification combined with strong winter storms leads to a stronger mixing of the upper water 
layers. DIC and pCO2 concentrations increase slowly due to advection of water masses with 
high DIC and pCO2 (upwelling of fjord deep water) and continued ASE to reach an average 
surface water pCO2 of ∼350 µatm (Figs. 5.7, 5.8 and 5.10). The largest part of Godthåbsfjord is 
free from sea ice throughout the year. Only in some of the inner stretches is sea ice present 
during winter in some years. In the stations and transects sampled in this study, no sea ice was 
present during the winter of 2012 and 2013. It has been shown previously that calcium 
carbonate precipitation takes place in the sea ice in Godthåbsfjord (Søgaard et al., 2013). 
However, due to the limited extent of sea ice in the fjord, the influence of the sea ice melt on 
the Godthåbsfjord system is very low, and therefore the effect of sea ice on the carbonate 
dynamics and biogeochemistry is not accounted for here. 
 
5.5.3.2 Phase 2: spring bloom 
At the start of April, a strong spring bloom is observed in the inner part of the fjord, leading to 
high chlorophyll a concentrations, high net primary production and strong CO2 uptake (Fig. 5.7). 
This high biological carbon uptake decreases the DIC and lowers the pCO2 to 250 µatm in the 
surface waters of the inner fjord (GF10) by the middle of May (Figs. 5.7 and 5.10). The strong 
effect of primary production on the pCO2 is observed in the entire fjord system in May (Figs. 5.4 
and 5.5). Low surface water pCO2 concentrations occur in al- most the entire fjord system and 
on the shelf. During this period, the impact of the glacial meltwater on the fjord system is not 
pronounced, and the upper water column is still well mixed (Mortensen et al., 2011, 2013). 
Consequently, low pCO2 occurs at nearly constant salinity and the undersaturation is almost 
homogenous in the water column. This matches with the even distribution of the fluorescence in 
the upper 40 m (Figs. 5.3-5.5). Only in the inner part of the fjord can a clear gradient be 
observed in pCO2 with water depth. Continued inflow of dense water into the fjord system leads 
to upwelling in the inner part of the fjord, bringing up the deep water masses rich in DIC and 
pCO2 (Figs. 5.3 and 5.5; Mortensen et al., 2011). The strong effect of biological processes on 
pCO2 is illustrated in Fig. 5.9. In a model simulation without NCP, the large drop in pCO2 
concentrations observed in the spring and summer data is not reproduced. The high 
undersaturation in CO2 in the spring is consequently linked to high biological activity (Bates and 
Mathis, 2009; Shadwick et al., 2011; Thomas and Schneider, 1999). Combined with the high 
primary production rates, high vertical fluxes of chlorophyll a from sediment traps are observed 
in the fjord at this time, indicating that a large fraction of the organic material produced in the 
upper water layers sinks to deeper waters (Rysgaard et al., 2012). Primary production is 
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consequently able to counteract the large CO2 air–sea influxes and to maintain low pCO2 in 
surface water (Figs. 5.5 and 5.9b). This creates an efficient biological pump through the spatial 
separation of production and mineralization (Sejr et al., 2014; Thomas et al., 2004). 
 
5.5.3.3 Phase 3: summer glacial melt 
After the initial decrease in spring, surface water DIC decreases further during summer, 
coinciding with the increased input and mixing of glacial meltwater into the fjord. At the start of 
summer (June), glacial meltwater runoff initiates the lowering of the salinity in the upper 
water layers (Figs. 5.3 and 5.7). This freshwater input induces stratification in the upper part of 
the water column of the inner and central fjord (Fig. 5.3). The high freshwater input (∼ 20 km3 yr-
1) has a strong effect on not only fjord hydrography (Mortensen et al., 2011) but also the 
chemistry in the fjord system (Rysgaard et al., 2012) and biology (Arendt et al., 2013). Mixing 
of glacial meltwater with fjord water strongly reduces the salinity of the upper water layers (Figs. 
5.3 and 5.7), while DIC and TA are also diluted in the upper water layers (Fig. 5.7). Coincident 
with this dilution of DIC and TA, a notable strengthening of the undersaturation in CO2 in the 
upper water can be observed, as pCO2 decreased further from 250 to 100 µatm in the upper 
meter (Fig. 5.5). This leads to very low pCO2 in the inner part of the fjord, close to the outlet 
glaciers, and consequently a strong uptake of CO2 (Fig. 5.8). Our analysis shows that the 
nonlinear thermodynamic effect of salinity on pCO2, induced by the mixing of glacial meltwater 
with fjord water, plays an important role in this observed summer reduction of pCO2 (Sect. 
5.5.2). In a simulation without biology, a drop in pCO2 in the upper meters of the surface waters 
is predicted (Fig. 5.9b). The water column is, however, highly stratified and despite the very low 
values in the upper water layer, higher pCO2 values are observed at 40 m depth. Subglacial 
melt plumes, discharging at the grounding line of the glacier (or at other submarine levels), 
bring up deep water rich in DIC and pCO2 close to the glacier. This creates a strongly stratified 
layer with freshwater on top and subglacial melt- water found below 10 m depth as described 
by Mortensen et al. (2013). Subglacial freshwater discharge consequently balances the strong 
decrease in the upper meters, leading to no obvious changes in the mean (0–40 m) pCO2 
during summer period (Fig. 5.7). In addition to the large effect of glacial meltwater input, 
primary production remains a strong driver on DIC and pCO2 dynamics during summer. 
Continued high production maintains low pCO2 on the continental shelf area. Also, in the inner 
fjord, continued biological activity (with significant blooms) can be observed (Figs. 5.4, 5.5, 5.7 
and 5.10). The input of glacial meltwater strongly reduces the alkalinity in the upper water 
layers affecting the buffering of the system (Reisdorph and Mathis, 2014; Torres et al., 2011). 
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Consequently, the system becomes particularly susceptible to pCO2 changes. Due to the low 
buffering capacity, a similar production at lower salinity (and TA values) in the upper water 
layers has a much stronger effect on pCO2, and hence even the lower level of primary 
production during summer can keep pCO2 at low levels. As a result, primary production keeps 
acting as a driving force for creating undersaturation in the fjord system even though mean 
chlorophyll is lower compared to the spring months (Fig. 5.7). Measurements of net community 
production estimate the strength of the biological carbon pump to be 85 g C m-2 yr-1, indicating 
that biological processes are the most important driver for carbon dynamics in the fjord 
responsible for 65–70 % of the total CO2 uptake by the fjord system. However, part of the 
biological activity can potentially be associated with glacial processes due to the subglacial 
freshwater discharge. In addition to the upwelling of DIC-rich water, subglacial freshwater 
discharge leads to a strong upwelling of nutrients fueling continuous productivity during the 
summer in the inner part of the fjord. Consequently both glacial meltwater and primary 
production can be considered as crucial drivers for the CO2 uptake in coastal areas affected by 
glacial meltwater. 
 
Part of the low pCO2 created by glacial meltwater and biological processes in the fjord is, 
however, compensated for by higher temperatures in summer and autumn which reduce the CO2 
solubility in water, therefore counteracting the established undersaturation (Fig. 5.9; Shadwick 
et al., 2011; Takahashi et al., 2002). Higher temperatures reduce pCO2 by up to 50 µatm (Fig. 
5.9), reducing the CO2 uptake with 10–20 % compared to the constant temperature simulation. 
 
5.6 Summary and outlook 
Our observations show that Godthåbsfjord is a strong sink for CO2 due to high biological carbon 
uptake and under- saturation induced by the input of glacial meltwater. During winter, the 
absence of significant glacial meltwater and biological consumption brings the fjord waters into 
near equilibrium with the atmosphere due to ASE. A strong bloom during spring leads to a 
decrease in DIC and pCO2, indicating the importance of biological processes. During summer, 
primary production continues to play a central role in the carbon dynamics. However the input 
and mixing of glacial meltwater also plays a crucial role. The nonlinear effect of salinity on 
surface water pCO2 from the mixing of glacial meltwater and saline fjord water creates a strong 
undersaturation in CO2 and CO2 uptake, a mechanism that was undescribed for glacial systems. 
The meltwater effect alone results in Godthåbsfjord in an uptake of 36 Gg C yr-1, while 
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extrapolated to the Greenland Ice Sheet (using a ice discharge rate of 1000 km3 yr-1 as cited in 
Bamber, 2012), this increases to 1.8 Tg C yr-1 The processes driving the DIC and pCO2 
dynamics in Godthåbsfjord most likely also ap- ply for other fjord systems and coastal settings 
that are affected by glacial meltwater. Consequently coastal areas of Greenland and other 
glacier-influenced areas probably constitute a much larger sink compared to other coastal areas 
and play a more important role in the high-latitude carbon cycle. Increased melting is anticipated 
as a result of climate change and will likely accelerate processes affecting carbon dynamics; it 
will increase the freshwater volume mixing in fjord systems and consequently likely enhance the 
sink for CO2 in fjord systems affected by glacial melt. However, increased surface warming 
could mitigate part of the uptake. Finally, if the entire ice volume of the Greenland Ice Sheet 
were to melt, this would result in an overall oceanic uptake of 5.4 Pg of atmospheric CO2, hence 
representing a weak negative feedback to climate change. 
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6 Seasonal carbon cycling in a Greenlandic fjord: An integrated 
pelagic and benthic study 
 
Heidi Sørensen, Lorenz Meire, Thomas Juul-Pedersen, Henko C. de Stigter, Filip Meysman, 
Søren Rysgaard, Bo Thamdrup, Ronnie Glud, Modified from Marine Ecology Progress Series 
featured article , 2015, 539:1-17 1 
 
6.1 Abstract 
Climate change is expected to have a pronounced impact on the biogeochemical cycling in 
Arctic fjords, but current insight on the biogeochemical functioning of these systems is limited. 
Here, we present seasonal data on primary production, export of particulate organic carbon 
(POC), and the coupling to benthic biogeochemistry in Kobbefjord (SW Greenland). Primary 
production and associated POC export from the photic zone showed marked seasonality with 
annual integrated values of 7.2 and 19.9 mol C m-2 y-1, respectively. This discrepancy, the 
isotopic signature and C:N ratio of the sedimentating material suggested substantial import of 
marine POC from outside the fjord. At least 52 % of the POC export reached the sediment, but 
the seasonality in pelagic productivity was not reflected in the sediment biogeochemistry, 
showing only moderate variation. Benthic mineralization and burial of organic carbon amounted 
to 3.2 and 5.3 mol C m-2 y-1, respectively. Sulfate reduction was the most prominent 
mineralization pathway, accounting for 69 % of the benthic mineralization, while denitrification 
accounted for 2 %. Overall, the carbon mineralization and burial in Kobbefjord were significantly 
higher than previously observed in other more northerly Arctic fjords. Data compilation from 
Arctic fjords suggests proportional increases in surface production, POC export, benthic 
mineralization and burial of organic material with increasing duration of the ice-free period. 
Thus, the projected decline in ice coverage in higher Arctic Greenlandic fjords will, to a first 
approximation, entail proportional increases in productivity, mineralization and burial of organic 
carbon in the fjords, which thus attain resemblance to “present day” southerly systems. 
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6.2 Introduction  
The Arctic region is currently undergoing dramatic climatic changes (IPCC 2014) and coastal 
areas in Greenland are experiencing increasing temperatures, enhanced precipitation, and 
intensified meltwater runoff (Bamber et al., 2012; Bindoff et al., 2007; Stendel et al., 2007). The 
result is an extended sea ice-free period and a modified hydrographic structure and circulation 
in many fjords (Bindoff et al., 2007). This is likely to affect the light and nutrient availability in the 
surface waters of the fjords, and as a result affect the primary production, cycling of organic 
material and, ultimately, the food-web structure in Greenlandic fjords (Rysgaard and Glud, 
2007).  
 
The Greenlandic coastline stretches across 23 degrees of latitude from the low- to the high-
Arctic, representing an extensive climate gradient. It is anticipated that ongoing climate changes 
will cause a shift in coastal ecosystems along this North-South climate gradient, so that future 
conditions at northern sites will resemble the current conditions at the more southern sites 
(Rysgaard et al., 2003). Therefore, a more detailed understanding of the biogeochemical cycling 
in low-Arctic fjords may help in projecting how high-Arctic fjords will transform with ongoing 
climate changes. However, comprehensive studies of carbon cycling in Greenlandic fjords are 
scarce, and particularly the seasonal variation in biogeochemical cycles and their annual 
integrals remain to be quantified (Rysgaard and Glud, 2007).  
 
The present study investigates the seasonal pelagic primary production, particulate organic 
carbon export (POC), and sedimentary carbon cycling in the low-Arctic Kobbefjord (SW 
Greenland). The area is studied within an ongoing monitoring program, Marine Basic Nuuk, 
which is part of the Greenland Ecosystem Monitoring Program (GEM) that follows key 
meteorological, physical, chemical and biological parameters in the region (www.g-e-m.dk). 
Here, we study the biogeochemical cycling in Kobbefjord and establish an annual integrated 
carbon budget. These results are compared to other Arctic coastal systems and discussed 
within the context of projected climate changes in the Arctic region. 
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6.3 Methods and Materials 
6.3.1 Study site and sampling 
Kobbefjord (Kangerluarsunnguaq) covers an area of 25 km2 and is situated near the town of 
Nuuk, Southwest Greenland (Fig. 6.1A, B). The fjord consists of several deeper basins 
separated by sills, and has an average water depth of 51 m. The entrance of the fjord has a 
distinctive sill at 30 m depth while the maximum water depth is 140 m (Fig. 6.1C, Mikkelsen et 
al., 2008). The total catchment area is small (58 km2) and receives freshwater run-off from four 
minor rivers, partly fed by melting “dead-ice”, i.e. the remnants of old glaciers. The majority of 
the freshwater in the surface layer of Kobbefjord originates from the adjacent Godthåbsfjord, 
which is fed by six major glaciers (Mortensen et al., unpublished results). Our study site is 
located in the central basin of Kobbefjord with the water depth of 110 m (Fig. 6.1C). The site 
was visited monthly between May 2011 and May 2012 for benthic (sediment cores) and pelagic 
water sampling.  
 
Figure 6.1:  (A, B) Location of Kobbefjord on the Southwest coast of Greenland in close vicinity to Nuuk 
and Godthåbsfjord. The study site (N 64
o
10.479, W 051
o
31.269) is marked by a filled circle in Panel B, 
while an open square mark the location of the Marine Basic Nuuk main monitoring station and the open 
circle mark the location of the Marine Basic Nuuk sediment monitoring station. (C) The bathymetry along 
the central length transect in Kobbefjord, with arrows indicating the position of the central (our study site) 
and the inner basins. Panel B is modified from Jensen & Rasch (2009). 
 Seasonal carbon cycling  
 
127 
 
Additionally, three sediment cores were collected in February 2013 for quantification of 
sediment burial rates based on 210Pb measurements. The pelagic program included 
measurements of gross primary production, POC export, and hydrographic parameters (water 
column salinity, temperature, density), while benthic investigations were based on the recovery 
of 9 – 22 sediment cores each month for quantification of sediment characteristics and benthic 
biogeochemistry (see below).  
 
6.3.2 Pelagic sampling  
At every sampling session, depth profiles of conductivity, salinity, temperature, density, oxygen 
(O2), photosynthetically active radiation (PAR), and fluorescence were obtained by a Seabird 19 
plus CTD instrument (Seabird Electronics Inc., USA). Temperature and salinity data were used 
to calculate the stratification parameter  (J m-3), which is defined as the amount of energy 
required to fully mix the water column through vertical mixing (Simpson, 1981): 
  (1)  
where  
   (2) 
where h is the total height of the water column (m), z is depth (m), g is gravitational acceleration 
(m s-2),  is water density (kg m-3), and  is the average water column density (kg m-3). 
 
Water samples from 5, 10, 20, 30, 40, and 105 m were retrieved using a 10 L Niskin bottle (KC 
Research Equipment, Denmark). The O2 concentration was measured in recovered surface 
water (5 m) and bottom water (105 m) using winkler titrations. Water samples from the upper 
five depths (5, 10, 20, 30, 40 m) were used for in situ bottle incubations for primary production, 
while bottom water (105 m) was used for performing whole core sediment incubations (see 
below). Primary production was measured using a modified version of the original 14C-
incubation method (Nielsen, 1952). Water was transferred to 120 mL glass bottles (Hirshmann® 
Laboratory Equipment), and for each depth, two bottles were used as light duplicates and one 
was used for dark incubation. All bottles were spiked with 200 µL NaH14CO3 (20 µCi mL
-1) and 
incubated at the respective sampling depths for a minimum of two hours using a free-drifting 
buoy. At the end of the incubations, the bottles were placed in a dark and thermally insulated 
box, until they were processed in the laboratory (typically within 3 hours). Back in the laboratory, 
the incubated water was filtered on GF/C filters (Whatman), and filters were transferred to 20 
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mL scintillation vials, where 100 µL HCl (0.1 M) was added to remove excess NaH14CO3. After 
24 hours in the fume hood, scintillation cocktail (Ultima Gold, Perkin Elmer) was added to the 
samples and samples were counted (Liquid Scintillation Analyzer, Tri-Carb 2800TR, 
PerkinElmer) (Rysgaard et al., 2012). The primary production was calculated accounting for the 
14C incorporation during photosynthesis (DPMlight), the in situ concentrations of dissolved 
inorganic carbon (CDIC), isotope discrimination (1.05), the correction for simultaneous respiration 
(1.06), dark fixation of 14C (DPMDark) , the specific activity of the added NaH
14CO3 (ActC14), and 
the counting efficiency of the instrument according to formula below.  
 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐷𝑃𝑀𝐿𝑖𝑔ℎ𝑡 ∙ 𝐶𝐷𝐼𝐶 ∙1.05 ∙1.06
𝐴𝑐𝑡𝐶14 ∙ 𝑇
−
𝐷𝑃𝑀𝐷𝑎𝑟𝑘 ∙ 𝐶𝐷𝐼𝐶 ∙1.05 ∙1.06
𝐴𝑐𝑡𝐶14 ∙ 𝑇
  (3) 
To calculate daily productivity, the primary production rates obtained from incubations were 
multiplied by the ratio of the average solar irradiance over the incubation period versus the 
average daily irradiance (values provided by ASIAQ; www.asiaq.gl, see location of ‘Climate 
station’ in Jensen & Rasch (2012)). Depth-integrated values of primary production were 
calculated over the entire photic zone using trapezoid integration assuming that primary 
production rate at 5 m represent that in the upper 0 – 7.5 m. Below 40 m, the primary production 
rates were assumed to decrease linear to 0 at the depth, where light availability was less than 
1% of the surface intensity (defined as the end of the photic zone). 
 
Export of POC was determined from a free-drifting sediment trap consisting of two acrylic 
cylinders (7.2 cm i.d., 50 cm in height) deployed for 2 – 4 hours at 60 – 65 m water depth. Prior 
to deployments, the cylinders were filled with 2 L of filtered sea water with additional salt added 
(excess salinity of 5 psu). At the end of the incubation, the cylinders were recovered, sealed and 
placed in darkness until further processing in the laboratory. Water from two traps was filtered 
onto pre-combusted GF/C filters (Whatman). Larger fresh zooplankton was carefully removed 
using tweezers. In order to discriminate between the organic and inorganic carbon, a part of 
each filter was acidified to dissolve calcium carbonates, leaving only the organic fraction (Juul-
pedersen et al., 2006). The acidified and non-acidified samples were placed in tin (Sn) capsules 
for measurements of total carbon, POC, C:N ratio, and δ13C using mass spectrometry (Isotope 
ratio Mass Spectrometer Hydra 20-20, SerCon; Autosampler: SerCon; Separation unit: Gas 
Solid Liquid Sample Prep Unit, ANCA GSL, SerCon). 
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6.3.3 Benthic sampling 
Sediment cores were retrieved in PlexiglasTM core liners (5.3 cm i.d., length 30 to 50 cm ) using 
a kajak sampler (KC research Equipment, Denmark). In the laboratory, six cores were 
submerged in an aquarium containing sampled bottom water, which was kept at in situ 
temperature and O2 saturation. Rotating magnets were fixed inside the core liners at 5 cm 
distance from the sediment surface to ensure efficient mixing of the overlying water column 
(Rasmussen and Jorgensen, 1992). The following day, O2 microprofiles were measured using 
custom-made Clark-type O2 microelectrodes equipped with a guard cathode (Revsbech, 1989). 
A total of 6 - 12 microprofiles were measured in three different sediment cores. The diffusive 
oxygen uptake (DOU) was calculated from the O2 concentration gradient in the diffusive 
boundary layer above the sediment-water interface using Fick’s first law, calculating the 
molecular diffusion coefficient for O2 as a function of temperature and salinity (Rasmussen and 
Jorgensen, 1992; Yuan-Hui and Gregory, 1974). The depth-specific O2 consumption rates within 
the sediment were estimated from the measured microprofiles using the software package 
“PROFILE” (Berg et al., 1998). A series of least square fits is produced by the software package 
and the simplest production/consumption profile that fits the measured concentration profile, 
given a user defined number of production zones, is generated through statistical F-testing. 
 
The following day, the cores were capped with Plexiglas lids and incubated for a period of 8 - 10 
hours. Each transparent lid was equipped with a patch of O2-quenchable luminophore. The O2 
concentration in the water overlying the sediment was measured hourly using a fiber-optic 
oxygen transmitter unit (FIBOX – Fibox 3, PreSens, software: OxyView). The sensor patches 
were calibrated using 100% air-saturated bottom water and bottom water spiked with sodium 
dithionite (NaHSO3) as an anoxic end member. Samples for DIC were recovered at the start and 
end of the incubation. The water was transferred to 12.6 mL exetainers (Labco) using a glass 
syringe equipped with a gastight tube and spiked with 100 µL saturated HgCl2. The DIC was 
analyzed using either a coulometer (CM 5012 CO2 Coulometer, UIC Inc. Coulometrics) or a 
dissolved inorganic carbon (DIC) analyzer (Apollo SciTech, Model AS-C3, USA). The DIC and 
O2 exchange rates across the sediment-water interface were calculated from the measured 
concentration change in the overlying water of the incubations accounting for the enclosed 
volume of water as described in Glud (2008). 
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6.3.4 Denitrification and anammox  
Denitrification rates were determined  via 15NO3
- amendments to the overlying water of  three 
intact sediment cores using the IPT method (Nielsen 1992) as modified to account for the 
contribution from anammox (Risgaard-petersen et al., 2003; Rysgaard et al., 2004). The 
incubations were ended by gently slurrying the core and transferring slurry to 12.6 mL 
exetainers (Labco) spiked with 200 µL ZnCl2. The three cores were sacrificed after 2, 12, and 24 
hours of incubation, respectively. The contribution from anammox to the total N2 production was 
assessed separately in slurries of the upper 1 – 4 cm of one core mixed with GF/C filtered 
bottom water (1:1). The slurry in the exetainers were spiked with either (1) 15NO3
- (2) 15NH4
+ or 
(3) 15NH4
+ and 14NO3
- (final concentrations 50 µM). The samples were incubated on a shaking 
table at in situ temperature, and terminated after 0, 1, 2, 4, and 7 days by injecting 100 µL 
ZnCl2. The collected N2 samples were measured using mass spectrometry (Mass Spectrometer: 
Isotope ratio Mass Spectrometer Hydra 20-20, SerCon; Autosampler: SerCon; Separation unit: 
Gas Solid Liquid Sample Prep Unit, ANCA GSL, SerCon) after inserting a helium headspace of 
5 mL. Denitrification and anammox rates were calculated as described by Risgaard-Petersen et 
al. (2003).  
 
6.3.5 Sulfate reduction rates  
Sulfate reduction rates (SRR) were measured in intact cores using the 35S tracer method 
(Jørgensen, 1978). Three acrylic Plexiglas coreliners (4.3 cm i.d., length 30 cm) with silicone 
ports were used to subsample the recovered cores and the 35S tracer was injected into the 
cores at 1 cm intervals via the silicone ports, starting at a sediment depth of 0.5 cm. The 
sediment was incubated at in situ temperature in the dark for 8 hours and then sectioned into 
relevant intervals. Samples were fixed in zinc acetate (5% wt.) and the accumulated reduced 
35S was recovered by cold distillation (Kallmeyer et al., 2004) and quantified by scintillation 
counting. SRR were calculated according to standard calculation as derived in Jørgensen 
(1978), where the reduced 35S is used to calculate the reduction rates accounting for in situ 
SO4
2- concentration, the bacterial isotope fractionation, the specific activity of the tracer, and the 
incubation time. At the beginning of the study in 2011 the following sectioning scheme was 
applied; 0 - 1, 1 - 2, 2 - 4, 4 - 6, 6 - 8, 8 - 10 cm; while depths of 10 - 12, 12 - 14, 14 - 16 cm 
were added starting from January 2012. The depth-integrated activity from 10-16 cm depth 
corresponded to 20% of the total activity from 0-16 cm depth and the values measured before 
January 2012 were, therefore, multiplied by 1.2 to account for the activity of the deeper 
sediment layers. 
 Seasonal carbon cycling  
 
131 
 
6.3.6 Sediment Characteristics  
Bulk density and porosity were measured on three separate occasions (June, October, and 
December 2011). Recovered sediment cores were sliced into 1 or 2 cm sections and the water 
content was determined as the weight loss after drying for 24 hours at 105°C. The porosity and 
solid phase density were calculated from the measured bulk sediment density and water 
content. Total carbon and organic carbon content was measured on one occasion on freeze-
dried sediment sectioned similarly as the cores used for density and porosity measurements. 
Known masses of homogenized sediment from each sample (~ 20 mg; an acidified and non-
acidified sample) were placed in tin (Sn) capsules and combusted at 600°C. The C and N 
content of the combustion gas was measured using the isotope ratio mass spectrometer 
(Isotope ratio Mass Spectrometer Hydra 20-20, SerCon; Autosampler: SerCon; Separation unit: 
Gas Solid Liquid Sample Prep Unit, ANCA GSL, SerCon). On one occasion (February 2013), 
three sediment cores were retrieved for determination of sediment burial rate based on 
measured excess of 210Pb. The cores were sectioned into intervals of 0.5 cm in the top 5 cm, 1 
cm until 10 cm, and 2 cm through the remainder of the core (core length between 16 and 18 
cm). Total 210Pb activity was determined by alpha spectrometry, measuring the granddaughter 
210Po (de Stigter et al., 2011). In this method it is assumed that 210Pb and 210Po are at 
equilibrium, wherefore 210Po is used as an indicator for the 210Pb activity. 210Po was leached 
from freeze-dried and homogenized sediment samples with concentrated HCl. Subsequently, 
the Po isotopes were collected by spontaneous electrochemical deposition on silver disks and 
the activity was counted on Canberra Passivated Implanted Planar Silicon (PIPS) detectors 
(counting time 3 days). The constant 210Pb flux and sedimentation model (Appleby & Oldfield 
1992) including a surface mixed layer (Nittrouer et al., 1984) was fitted to the observed profile of 
total 210Pb activity and plotted against the cumulative mass depth (g cm-2). The fitted model 
supplied information on the mixing depth (the depth where irrigation becomes insignificant), the 
diffusive mixing rate as well as the supported and excess 210Pb, which can be considered at the 
background and sedimentation based 210Pb fraction, respectively. The sediment burial rate (g 
cm-2 y-1) was following derived from these. As only one core had a sufficient length to 
determine the supported 210Pb fraction, values from the fit to this core were used, when fitting 
the 210Pb profiles to the two remaining cores. The burial velocity (cm y-1) was calculated based 
on an exponential decrease in excess 210Pb depth below 5 cm, assuming no biological mixing 
occurs below this depth as relatively constant concentrations of excess 210Pb was observed only 
above 5 cm (e.g. de Stigter et al., 2011). The sediment burial rate Fsed = w  (1 - φ) ρ  (g solids 
cm-2 y-1) and the carbon burial rate Fb = w  (1 - φ) ρ COM  (g C cm
-2 y-1), were calculated using 
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the burial velocity w (cm y-1), the solid phase density ρ (g cm-3), the organic carbon content COM 
(g C g 
-1) and the porosity at the bottom of the sediment core φ (12-16 cm).  
 
6.4 Results  
6.4.1 Water column characteristics  
The surface water temperature (0 – 2 m) increased from 1.9 °C in May 2011 to a maximum of 
11.0 °C in July and subsequently decreased to -0.8°C in February 2012. Sea ice formed in 
February 2012 and covered the inner part of the fjord until mid-April 2012. The thickness of the 
ice was ~ 40 cm in mid-March. The bottom water temperature varied from a maximum of 2.9 °C 
in November 2011 to a minimum of -0.8 °C in February 2012 (Fig. 6.2A). The salinity-depth-time 
isopleth reflects surface freshening during summer (Fig. 6.2B) mainly driven by advection of 
fresher water into the fjord. Turbulent mixing created by tidal forcing gradually dispersed the 
fresher surface water towards the bottom, e.g., the 1026.5 kg m-3 isopycnal moved from 18 m 
depth in June to 45 m in October and to 90 m in November (Fig. 6.2C).  
 
However, the slow downward freshening of the water column did not reach the bottom waters 
before late November and the ~17 m thick bottom layer remained isolated for almost 5 months. 
The stratification parameter (Fig. 6.2D) increased from 161 J m-3 in May to 878 J m-3 in August 
2011, showing an increasing amount of energy needed to mix the water column during the late-
summer. From September 2011 the stratification parameter decreased again, reaching a 
minimum in December (Fig. 6.2D), where the water column was fully mixed. This mixed state 
was maintained until late spring, when increased atmospheric heating and freshwater advection 
re-induced stratification at the surface. The stagnant conditions in the deep bottom water 
resulted in an almost linear decline in O2 concentration (0.73 ± 0.05 µmol L
-1 d-1) from July to 
November, when a minimum value of 229 µmol L-1 (66% air-saturation) was reached (Fig. 
6.2E). Considering the deeper waters in the basin as a closed system during that period, the 
decline in the O2 concentration in the bottom 17 m (the depth zone that remained 
hydrodynamically isolated) corresponded to a total basin-wide O2 consumption of 12.4 ± 0.9 
mmol m-2 d-1. This value integrates both respiration in the bottom water and benthic O2 
consumption, but may be considered as a minimum value as a minor amount of O2 would have 
entered the bottom waters from above through turbulent mixing. 
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Figure 6.2: Seasonal variations in (A) temperature, (B) salinity, and (C) density of the water column at the 
study site in Kobbefjord. The time for each sampling session is indicated by thin vertical lines. Seasonal 
variation in the stratification parameter  (J m
-3
) calculated from the water column density is shown in 
panel D, and the bottom water O2 concentrations (n = 6) at the study site, with the dotted line indicating 
the O2 concentration at 100% air-saturation is depicted in panel E. 
 

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The depth-integrated gross primary production showed a distinct seasonal pattern with peak 
activity of ~ 50.0 ± 6.4 mmol C m-2 d-1 in May 2011 and 2012, and almost no activity during the 
winter (Fig. 6.3A). Midsummer and early autumn were characterized by intermediate primary 
production rates and the annual rate amounted to 7.2 ± 0.5 mol C m-2 y-1. Maximum POC export 
was observed during May, August, and September, indicating a partial decoupling between 
primary production and the POC export through the water column. Particulate inorganic carbon 
(PIC) only accounted for 6 ± 4% on average of the total amount of the total particulate carbon in 
the traps, with no seasonal trend in the relative contribution from PIC. Over the year the export 
of POC varied by a factor of 2.5 with a minimum of 38.7 ± 5.4 mmol C m-2 d-1 during winter, and 
a maximum of 101.5 ± 7.0 mmol C m-2 d-1 during summer. Accordingly, the POC export during 
winter remained substantial at a time, when primary production was almost negligible. The 
annual rate of POC export amounted to 19.9 ± 2.9 mol C m-2 y-1, which exceeds the annual rate 
of primary production by a factor of 2.8 (Fig. 6.3B). The molar C:N ratios of the sedimentating 
material ranged between 8.0 ± 1.2 and 10.3 ± 0.3, which is slightly above the Redfield Ratio, 
while the measured δ13C values ranged between -17.4 ± 0.4 and -24.0 ± 0.5‰ (Fig. 6.3C). 
These values suggest that the settling material was mainly derived from marine phytodetritus 
and not of terrestrial sources (France, 1995).  
 
6.4.2 Sediment characteristics  
The muddy sediment had a surface porosity of 0.86 ± 0.02 that gradually decreased to 0.68 ± 
0.01 (mean ± SD; vol:vol) at 16 cm depth (Fig. 6.4A). The bulk density at the corresponding 
depths decreased from 1.30 ± 0.09 to 1.54 ± 0.04 (Fig. 6.4A) and the solid phase density at 12 
– 16 cm was 2.7 g cm-3. The organic carbon content decreased from 4.2 % in the sediment 
surface layer (0 – 1 cm) to 3.8% at depth (14 – 16 cm). On average, the sediment inorganic 
fraction corresponded to 13 ± 5% of the organic carbon. Excess 210Pb was relatively constant in 
the upper 5 cm indicating substantial sediment mixing. Below 5 cm, excess 210Pb declined 
exponentially (Fig. 6.4B) and the calculated burial velocity was 0.17 ± 0.05 cm y-1, which 
corresponds to a sediment burial rate of 1412 ± 446 g m-2 y-1. Using the carbon content (g C g 
sediment-1) from the bottom of the sediment core, the sediment burial rate corresponds to a 
carbon burial rate of 63 ± 20 g C m-2 y-1 (equivalent to 5.3 mol C m-2 y-1). 
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Figure 6.3: Seasonal variations in (A) the depth-integrated primary production, (B) the POC export and 
(C) the C:N ratio (mol:mol) and δ
13
C (‰) value of the material sampled by two parallel sediment traps. 
Error bars indicate the deviation (n = 2).  
 
6.4.3 Benthic oxygen dynamics and dissolved inorganic carbon exchange rates 
Oxygen penetration depth (OPD) remained relatively constant at around 6 ± 1 mm from May to 
November 2011, and deepened in winter to reach a maximum of 9 ± 1 mm in February 2012 
(Fig. 6.5). The DOU ranged from 2.8 to 6.8 mmol m-2 d-1, with an average annual value of 4.8 
mmol m-2 d-1, but the rates did not exhibit a distinct seasonal pattern. The total oxygen uptake 
(TOU) in the sediment ranged from 11.4 mmol m-2 d-1 in May 2011 to 3.4 mmol m-2 d-1 in 
February 2011 indicating a seasonal pattern (Fig. 6.6A) that partly followed the dynamics in the 
supply of POC, with peaks in TOU appearing approximately a month after peaks in POC export. 
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Reduced O2 availability in the bottom water during summer (Fig. 6.2E) may partially have limited 
O2 uptake leading to a transient accumulation of reduced iron and sulfur in the sediment during 
that period. The DOU contribution to the TOU was higher during winter months (69%) compared 
to summer months (52%), which could suggest a reduced faunal activity during the low 
deposition period of winter (Fig. 6.6A). Exchange rates of DIC generally followed the seasonal 
pattern of the TOU, with the highest rates measured during the summer (Fig. 6.6B). The 
sediment respiration quotient (RQ: DIC/TOU) reached a maximum of 1.3 during spring and a 
minimum of 0.6 during winter. The annual average in RQ amounted to 0.9 ± 0.2, thereby not 
differing significantly from 1.0 (Fig. 6.6B). The annual benthic O2 uptake amounted to 3.2 ± 0.6 
mol m-2 y-1, while the annual DIC release was 2.9 ± 0.8 mol C m-2 y-1.  
 
Figure 6.4: (A) Depth profiles of bulk sediment density (g cm
-3
) and porosity from the surface layer (0 - 1 
cm) to a depth of 16 cm (n = 6). (B) The excess 
210
Pb (Bq kg
-1
) depth profile from surface to 20 cm of 
sediment depth (n = 3).  
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Figure 6.5: Seasonal variation in benthic O2 concentration profiles (open circles, µmol L
-1
) and O2 
consumption (bars, mmol cm
-3
 d
-1
) as modelled from the concentration profile using the software package 
“PROFILE” (Berg et al. 1998). Error bars indicate the standard deviation of the concentrations measured 
at each sediment depth (n= 6 - 12).   
 
6.4.4 Denitrification, anammox and sulfate reduction rates 
Denitrification rates during summer ranged between 200 and 600 µmol m-2 d-1, while rates 
during winter declined to 15 – 106 µmol m-2 d-1 (Fig. 6.6C). Denitrification was mainly sustained 
by nitrification, especially during winter, where the process provided 92% of the NO3
- being 
reduced by denitrification. Anammox only accounted for a minor part of the annual integrated N2 
production with a maximum value of 19% during October (annual average 1%). No seasonal 
trend could be observed for the relative contribution of N2 production by anammox (data not 
shown). SRR were suppressed at the sediment surface and reached maximum values between 
2 and 6 cm depth (data not shown). The depth-integrated SRR were relatively high at 3 – 8 
mmol SO4
2- m-2 d-1 and showed no seasonal trend (Fig. 6.6D).  
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Figure 6.6: (A) The average diffusive oxygen uptake (DOU, mmol O2 m
-2
 d
-1
, n = 6 - 12) and the average 
total oxygen uptake (TOU, mmol O2 m
-2
 d
-1
, n = 6) measured at eleven occasions between May 2011 and 
May 2012. Error bars indicate the standard variation. (B) Seasonal variation in the exchange rate of DIC 
(mmol C m
-2 
d
-1
, n = 3 – 6). The calculated respiration quotient (RQ = DIC/TOU) is indicated by the open 
circles (n=3 - 6). (C) Seasonal variation in the benthic denitrification rates expressed in carbon 
equivalents (mmol C m
-2 
d
-1
, n = 3) accounting for the stoichiometry (1CO2 : 0.8NO3), with Dn indicating the 
amount of denitrification sustained by nitrification, while Dw represents the denitrification based on NO3
-
 
from the bottom water. Error bars indicate the standard variation. (D) Seasonal variation in the sulfate 
reduction rates at the study site expressed in carbon equivalents (mmol C m
-2 
d
-1
, n = 3) accounting for 
the stoichiometry (1CO2 : 0.5SO4
2-
).  
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6.5 Discussion 
The overall research aim of our study was to evaluate and discuss future developments of the 
biogeochemical cycling in Arctic fjords following projected reduction in sea ice coverage. To 
place our results in a regional context, we take advantage of data from the Marine Basic Nuuk 
monitoring program, which has provided monthly measurements of pelagic productivity and 
carbon export in the outer sill region in Godthåbsfjord since 2005 (Fig. 6.1B, Annual reports: e.g. 
Jensen & Rasch 2012). Below, the monitoring data is related to data collected in Kobbefjord and 
an annual integrated carbon budget for our study site is established and discussed in the 
context of carbon cycling in Arctic fjords.  
 
6.5.1 Pelagic primary production and export rates of the outer sill region in 
Godthåbsfjord and Kobbefjord 
The depth-integrated annual primary production at the main monitoring station in Godthåbsfjord 
(Fig. 6.1B) varied between 7.1 and 11.6 mol C m-2 y-1 over the period 2005 - 2012 (Juul-
Pedersen et al., 2015). The primary production typically exhibited two distinctive peaks in May 
and August, with timing and size regulated by the availability of light and nutrients (Juul-
Pedersen et al., 2015). The first production peak is triggered by stratification following run-off 
during spring. The second production peak is associated with the transport of high 
phytoplankton biomass from the glacier front in Godthåbsfjord, where the production is fuelled 
by nutrient replenishment induced by a subsurface release of low density glacial meltwater 
(Juul-Pedersen et al., 2015; Meire et al., 2015). In contrast to Godthåbsfjord, the pelagic 
productivity within Kobbefjord is mainly governed by the seasonal sea ice coverage and 
freshwater input from outside the fjord leading to a single productivity peak during spring (Fig. 
6.3). Our estimate of annual primary production corresponded to 7.2 ± 0.5 mol C m-2 y-1 (Fig. 
6.7) and is therefore comparable to the annual integrated productivity at the outer sill region in 
Godthåbsfjord. A compilation of the available data on annual primary production from fjords and 
coastal areas in Greenland strongly indicates an attenuation in productivity with increasing 
latitude (Table 6.1). This aligns well with a previous compilation that included open water areas 
from the entire Arctic and suggested a tight relationship between pelagic productivity and the 
duration of the ice-free period (Rysgaard et al., 1999, 2003).  
 
Surprisingly, all available measurements from Greenlandic fjords indicate that the POC export 
cannot be sustained by the local primary production (Table 6.1). Based on the present data from 
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Kobbefjord, the POC export was 19.9 ± 2.5 mol C m-2 y-1, which is 2.8 times the local primary 
production (Table 6.1). Similar observations have been made in the outer sill region in 
Godthåbsfjord, where total carbon export is on average 27.0 ± 4.4  mol C m-2 d-1, which is 3.1 
times higher than the average local primary production (9.3 ± 1.4 mol C m-2 d-1) (Juul-Pedersen 
et al., 2015; Rysgaard et al., 2012).  
 
Figure 6.7: The annual integrated carbon budget at the study site, including both pelagic and benthic 
processes. Primary production (PP) rates, POC export, carbon mineralization, and carbon burial rates are 
based on independently measured rates, while the pelagic bacterial respiration (BR) rates is calculated 
from the O2 decline in the bottom water from July to November (Fig 2E) scaled to the seasonality as 
measured by Middelboe et al. (2012). Horizontal arrows indicate the advection of POC towards and away 
from the basin, with the thickness indicating the relative amount of transported material. The budget is 
depicted on the background of a length transect showing the bathymetry of central Kobbefjord. The pie 
chart indicates the relative contribution to total carbon mineralization by the respective diagenetic 
pathways from aerobic respiration and iron and manganese reduction (O2, Fe
2+
, Mn
2+
), denitrification 
(NO3
-
), and sulfate reduction (SO4
2-
).   
 
This suggests a significant horizontal import of carbon to both sites, as the C:N and the δ13C 
values of sedimentating material in both Kobbefjord and recent measurements from 
Godthåbsfjord (2010-2012, Annual reports, e.g. Jensen & Rasch 2012) strongly suggest that 
this material is of marine origin. In Kobbefjord, the material is most likely imported from 
Godthåbsfjord via local currents (Mortensen et al. 2011) driven by an ingoing subsurface mass 
transport above the sill at 30 m water depth (Fig. 6.1C, Mortensen et al. unpublished results). 
This is supported by the annual trend observed in the total carbon export dynamics in the outer 
sill region in Godhåbsfjord, which align well with the POC export dynamics in Kobbefjord 
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(Annual reports, e.g. Jensen & Rasch 2012). Similar transport processes have been suggested 
for Young Sound (NE Greenland; Table 6.1) to explain the apparent net import of organic 
material from the Greenland Sea. Consequently, the additional horizontal import of organic 
material will lead to an extended period of vertical export that does not necessarily reflect the 
dynamics of the local primary production. In fact, net import of marine organic material is 
probably a characteristic feature of most Greenlandic fjords, resulting from a large terrestrial 
runoff and glacial discharge that drives an estuarine circulation with outflowing fresher water in a 
relatively thin surface layer and a compensating deeper inflow of saltier water (Mortensen et al. 
2011; Bendtsen et al. 2014). The imported material will be focused in the central basins due to a 
net down-slope material transport (Wassmann, 1984), which may further induce the imbalance 
between the local surface production and the net carbon deposition. Additionally, substantial 
local benthic primary production might supply organic carbon to the deeper parts of the fjord 
through lateral transport processes (Attard et al., 2014; Krause-Jensen et al., 2012).  
 
Table 6.1.: Compiled values for the duration of ice-free periods, annual rates of primary production, and 
sedimentation of particular organic carbon (POC) as extracted from available studies in Greenlandic 
fjords.  
 
(a) Present study    (b) Data from the annual reports from the monitoring program Marine Basic Nuuk (e.g. Jensen & Rasch 2012). 
All values are averages for the period 2005 to 2012.  (c) Average from 1979 to 2003 as reported in Sejr & Nielsen (2007).    (d) 
Annual rates from Levinsen & Nielsen (2002).    (e) Average annual rate of POC export estimated from Sejr & Nielsen (2007). The 
total POC export from 9 days in May and 9 days in September amounted to 1.3 mol C m
-2
, extrapolating these data by a weighted 
average amounted to 12.7 mol C m
-2
 y
-1
, assuming POC export only occurred during the ice-free period (182 days).    (f) Annual 
rates from Andersen (1981).   (g) Estimated ice-free period from Rysgaard & Glud (2007)    (h) Annual rates from Rysgaard et al. 
(1999)    (i) Annual rates from Rysgaard & Sejr (2007)     (j) Estimated sea ice-free period (~6 weeks) from Andersen (1977).    (k) 
Average rates from Andersen (1977).  
Study Site Latitude Longitude 
Ice-free period 
(d) 
Primary production 
(mol C m
-2 
y
-1
) 
POC export 
(mol C m
-2 
y
-1
) 
Kobbefjord 64°10.48 N 51°31.27 W 300
a 
7.2
a 
19.9
a
 
Godthåbsfjord 64°07.00 N 51°53.00 W 365
b 
9.3
b
 27.0
b
 
Disko Bay 69°15.00 N 53°33.00 W 182
c 
2.2
d 
7.0
e
 
Kangikerdlak 69°27.20 N 53°35.00 W 182
c 
2.7
f 
- 
Young Sound 74°18.58 N 20°15.04 W 80
g
 0.9
h 
1.4
i 
Jørgen Brønlund Fjord 82°07.50 N 29°53.30 W 42
j 
0.9
k 
- 
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6.5.2 Assessment of the pelagic mineralization 
From July to November 2011, the bottom water of the central basin remained isolated. The 
linear O2 decline in this water mass (90 – 107 m) corresponded to a total O2 consumption of 12.4 
± 0.9 mmol m-2 d-1. During the same period, the measured benthic O2 consumption amounted to 
9.4 mmol m-2 d-1 and the excess consumption of 3.0 mmol m-2 d-1 in the basin was therefore 
likely attributed to the pelagic respiration in the bottom 17 m water column of the basin, 
providing a volumetric respiration rate of 0.18 µmol L-1 d-1. Assuming that this pelagic 
mineralization rate reflects the activity of the entire non-photic water column, the pelagic net 
mineralization during these 5 months amounted to a total of 1.6 mol C m-2 (assuming a 
respiration quotient of 1.0). A previous study in Kobbefjord showed a distinct seasonality in the 
pelagic bacterial carbon demand in the non-photic water column with estimated O2 consumption 
rates of 0.17, 0.04 and 0.67 µmol L-1 d-1 in September, February, and May, respectively 
(Middelboe et al., 2012). In the mentioned study, the seasonality in bacterial respiration clearly 
reflected the productivity of the surface water and their September value closely resemble our 
rate derived from July to November (0.18 ± 0.05 µmol L-1 d-1). Assuming the same annual 
variation during our study as in Middelboe et al. (2012) and a RQ of 1.0, the annual pelagic 
depth-integrated O2 consumption below the photic zone (where light intensity below 1% of the 
measured intensity at the surface) corresponded to 9.5 mol C m
-2 y-1 (Fig. 6.7). This activity was 
sustained by both DOC and POC, but a simple mass balance calculation suggests that at least 
52% of the POC sampled at 60 m water depth (10.4 = 19.9 – 9.5 mmol C m-2 yr-1) reached the 
sediment at 107 m depth (Fig. 6.7) to undergo either benthic mineralization or burial.  
 
6.5.3 Benthic carbon mineralization and burial in Kobbefjord  
The Marine Basic Nuuk monitoring program (e.g. Jensen & Rasch 2012) quantify TOU and 
DOU four times a year in the sediment of the inner basin of Kobbefjord, 2.4 km from our study 
site (Fig. 6.1B, C). These measurements have been conducted in February, May, August, and 
November during six successive years (2006-2011), and, assuming that each TOU value 
reflects conditions of three months, the average annual benthic O2 consumption rate amounts to 
2.5 ± 0.4 mol m-2 y-1 (n = 6). This is slightly lower than the annual O2 consumption rate of 3.2 ± 
0.6 mol m-2 y-1 found at our study site, but it is however not statistically significantly different (Fig. 
6.7). The trend showing a lower annual TOU rate at the monitoring station compared to our 
station, could however suggest a gradient in deposition of the marine organic material being 
transported to our study site from outside Kobbefjord, with less material reaching the inner basin 
(Nuuk basic sediment monitoring station) compared to our study site.  
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In contrast to the pelagic primary production and POC export, the benthic O2 uptake in 
Kobbefjord only exhibited modest seasonality (Fig. 6.6), which was also apparent from the 
monitoring program in the inner basin. In the present study, the slightly elevated benthic 
consumption of O2 during summer coincided with a minimum in the OPD and low O2 
concentrations in the bottom waters. Thus, O2 consumption rate was more strongly limited by 
low O2 availability at this time. DIC exchange rates exhibited a more pronounced seasonality 
resulting in RQ values ranging from 1.3 during summer to 0.6 during winter. As the PIC fraction 
in the sediment (12 ± 4 %) was higher compared to the fraction in the sedimentating TC (6 ± 4 
%), the DIC release was dominated by mineralization rather than e.g. CaCO3 dissolution. It is 
therefore unlikely that the RQ values were strongly affected by PIC. Hence, the higher RQ 
values during the spring and summer instead suggest that an “oxygen debt” of reduced iron and 
sulfur, in the form of FeS and FeS2, accumulated transiently in the sediment (Therkildsen and 
Lomstein, 1993). These pools were likely reoxidized during winter as input of organic material 
declined and O2 availability improved, resulting in a low RQ.  
 
This dynamic dampened seasonal variations in the benthic O2 consumption, which was partly 
decoupled from the dynamics in the benthic carbon mineralization. On average, the RQ value 
was 0.9 ± 0.2, indicating limited annual net accumulation of reduced chemical species (i.e. FeS 
and FeS2). Annually, the carbon mineralization rate amounted to 3.2 mol C m
-2 y-1, which 
corresponds to 31% of the organic carbon deposition of 10.4 mol C m-2 y-1 (POC export: 19.9 – 
Pelagic respiration: 9.5 mol C m-2 y-1) estimated to reach the sediment (Fig. 6.7). In a previous 
compilation, benthic carbon mineralization rates of 28 marine studies exhibited a clear relation 
to the sediment burial rate (Canfield, 1989). Our observed sediment burial rate of 0.14 gsed cm
-2 
y-1 and total benthic mineralization rate of 3.2 ± 0.6 mol C m-2 y-1 matched the relation of the 
compiled data and, hence, does not indicate a pronounced impact of the Arctic setting on 
mineralization efficiency. Our measured annual SRR was equivalent to a carbon oxidation rate 
of 2.2 ± 0.7 mol C m-2 y-1 (assuming a stoichiometry of 1 CO2 : 0.5 SO4
-2), corresponding to 69% 
of the annual carbon mineralization (3.2 mol C m-2 y-1, Fig. 6.7). This compares well to other 
coastal environments with similar burial rates of organic material in both the Temperate and the 
Arctic region (e.g. Iversen & Jørgensen 1985; Jørgensen 1996; Kostka et al. 1999; 0.10 – 0.47 
g cm-2 y-1). 
 
Denitrification accounted for 99% of the annual benthic N2 production (61.4 mmol N m
-2 y-1 or 
168.2 µmol N m-2 d-1), while only 1% was mediated by anammox (0.6 mmol N m-2 y-1 or 1.6 µmol 
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N m-2 d-1). The contribution from anammox was at the lower end of values reported for 
Greenland coastal sediments during spring and summer, where anammox accounted for 1 – 
35% of the N2 production with rates ranging between 1 and 92 µmol N m
-2 d-1 (Rysgaard et al. 
2004). The relative contribution of anammox was also unusually low for sediments at the water 
depth of ~ 100 m (Trimmer & Engström 2011; Thamdrup 2012). As of yet, there is no obvious 
explanation for this low contribution as factors controlling the contribution from anammox are 
still poorly understood. The absolute values of denitrification in the previous Arctic study ranged 
from 33 to 265 µmol N m-2 d-1 (Rysgaard et al. 2004), which is slightly lower than the spring and 
summer values from the present study (106 - 557 µmol N m-2 d-1). This is most likely due to a 
higher availability of reactive organic material in Kobbefjord compared to most of the sites 
investigated by Rysgaard et al. (2004), as increased organic material availability stimulates 
mineralization rates (Canfield 1989) including denitrification (Jørgensen 1996). Despite these 
relatively high rates, the contribution from denitrification to the annual benthic carbon 
mineralization rate was only 2%, applying the general mineralization stoichiometry of 
denitrification (1 CO2 : 0.8 NO3, Fig. 6.7). This aligns with other coastal studies both Temperate 
and Arctic – generally showing a contribution of 2 - 6% from denitrification to the overall carbon 
mineralization rate (e.g. Canfield et al. 1993; Rysgaard et al.1998; Kostka et al. 1999). With 
denitrification accounting for 0.1 ± 0.2 mol C m-2 y-1 and SRR for 2.2 ± 0.7 mol C m-2 y-1, the 
annual carbon mineralization contribution ascribed to aerobic respiration, iron and manganese 
reduction amounts to 0.9 mol C m-2 y-1 (3.2 – 2.2 – 0.1 mol C m-2 y-1, Fig. 6.7). In summary, the 
relative contributions of the different diagenetic pathways to the total carbon mineralization from 
this study resembles previous observations of Temperate (Thamdrup 2000) and Arctic studies 
with similar deposition rates of organic material (e.g., Kostka et al. 1999). Altogether, our work 
aligns with previous studies indication that deposition rate and degradability of organic material, 
rather than low temperature, exerts the dominating control on the relative importance of the 
diagenetic pathways and the benthic mineralization rates (Sagemann et al. 1998; Thamdrup & 
Fleischer 1998; Berg et al. 2003).  
 
The carbon burial rate calculated from the carbon content and sediment burial rate 
corresponded to 5.3 ± 1.7 mol C m-2 y-1 (Fig. 6.7). Hence, the estimated carbon deposition rate 
from the water column measurements (POC export 19.9 - pelagic respiration 9.5 = 10.1 mol C 
m-2 y-1) is very comparable to the estimated carbon deposition rate from benthic measurements 
(benthic mineralization 3.2 + burial rate 5.3 = 8.5 mol C m-2 y-1). As these values were 
determined independently, this provides confidence in the carbon budget presented here. 
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Overall, ~31% of the organic carbon that reached the sediment was mineralized, while the 
remainder was sequestered in the sediment record.  
 
Figure 6.8: (A) Primary production rates (filled symbols), POC export (open symbols), and (B) benthic 
mineralization (open symbols) and burial rates (closed symbols) of organic carbon (mol C m
-2
 y
-1
) plotted 
as function of the duration of the ice-free period (d) as assessed by 14 studies from fjords in Greenland 
and Svalbard. In both plots, the rates from Greenlandic fjords are marked with circles, while fjords from 
Svalbard are marked with squares. The carbon mineralization rates were adjusted to the same water 
depth according to the water depth dependence in mineralization rates as presented in Glud et al. (2000) 
and Thamdrup et al. (2007) and the correlation is therefore termed “Corrected Mineralization”. The best 
linear correlation between the duration of the ice-free period and primary production, POC export, carbon 
mineralization, and carbon burial were given by the following equation: Primary production = 0.026d -
0.487 (r
2
= 0.69), POC Export = 0.062d + 0.883 (r
2
= 0.69), Mineralization = 0.011d +0.479 (r
2
= 0.58), and 
burial = 0.017d +0.714 (r
2
= 0.55). Data for panel A were extracted from: this study, Andersen (1977), 
Andersen (1981), Eilertsen et al. (1989), Rysgaard et al. (1999), Hop et al. (2002), Levinsen & Nielsen 
(2002), Leu et al. (2011), Annual report e.g. Jensen & Rasch (2012). Data from panel B were extracted 
from: this study, Glud et al. (1998), Rysgaard et al. (1998), Glud et al. (2000), Vandieken et al. (2006).  
 
Based on the bathymetry of the seabed and the size of the deposition area in Kobbefjord, the 
burial rates assessed for the central deposition area (the present study site) must exceed the 
average rates of the entire area due to sediment focusing. As the slopes in Kobbefjord consist 
of rocks and gravel with little net deposition, it was assumed that carbon was focused in the 
estimated bottom area of 8.6 km2, representing only 34% of the surface area (25 km2) of 
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Kobbefjord. Therefore, scaling the carbon burial in Kobbefjord to the surface area, the annual 
burial of 547 ton C yr-1 (total burial for a deposition area of 8.6 km2) in the basin would 
correspond to a fjord scale carbon sink of 22 tons C km-2 y-1. Previous work has suggested that 
biological processes are important drivers for atmospheric CO2 drawdown in Kobbefjord (Sejr et 
al. 2014) and Godthåbsfjord (Meire et al. 2015). Assuming a similar atmospheric CO2 drawdown 
in Kobbefjord as in Godhåbsfjord (65 - 86 t C km-2 y-1; Rysgaard et al. 2012; Meire et al. 2015), 
the estimated benthic carbon burial as derived by our current study – which must represent the 
ultimate sink for the biological net drawdown of CO2 from the atmosphere, only corresponds to 
25 – 34% of the carbon entering the system. This suggest that surface cooling and inflow and 
mixing of glacial melt water undersaturated in CO2 (Rysgaard et al. 2012; Sejr et al. 2014; Meire 
et al. 2015) is of significant importance for the observed CO2 drawdown in the region.  
 
6.5.4 Arctic fjords and climate change 
The impact of future climate change on high-Arctic fjords can be evaluated by taking advantage 
of the natural climate gradient and comparing the biogeochemical function of low- and high-
Arctic fjords (Rysgaard et al. 2003). Young Sound (Latitude 74°18.580 N) is one of the few high-
Arctic marine systems, where the marine carbon cycle has been quantified in detail (Rysgaard & 
Glud 2007). Currently, the short ice-free period of ~ 2.5 months in Young Sound induces a peak 
in pelagic primary production and POC export following the sea ice break-up. The ice-free 
period in Young Sound is, however, projected to double by the end of the twenty-first century 
(Rysgaard & Glud 2007). The prolonged ice-free period is expected to increase the annual 
primary production, the POC export as well as the benthic mineralization and burial of organic 
material.  
 
The primary production and the export of organic material in Young Sound amount to 13 and 
7% of the values in Kobbefjord, respectively. Using the established depth dependency in annual 
benthic carbon mineralization (Glud et al. 2000; Thamdrup et al. 2007) the mineralization rate at 
107 m in Young Sound would amount to 0.65 mol C m-2 y-1 (20% of the rate in Kobbefjord) and 
the burial of organic carbon to 0.81 mol C m-2 y-1, or 15% of the Kobbefjord value (Thamdrup et 
al. 2007). Hence, primary production, benthic mineralization and burial rates in Young Sound 
are 5 – 8 times lower than in Kobbefjord (Table 6.2).  
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Table 6.2: Carbon budget for Kobbefjord (KF) and Young Sound (YS), including the relative contribution 
from denitrification (Den) and sulfate reduction rates (SRR) to the annual benthic carbon mineralization 
and the ratio between the respective processes - and transport rates from Young Sound and Kobbefjord, 
which is listed in line three.  
 
 
(a) Present study    (b) Estimated ice-free period from Rysgaard & Glud (2007).     (c) Annual rates of primary production from 
Rysgaard et al. (1999).    (d) Annual rates POC export from Rysgaard & Sejr (2007).    (e) Annual rates of pelagic mineralization 
from Nielsen et al. (2007).    (f) Rates of benthic mineralization estimated from the depth dependent decrease in mineralization rates 
as shown in Glud et al. (2000) and Thamdrup et al. (2007).     (g) Burial rates and relative contribution from denitrification and sulfate 
reduction to the total annual mineralization rate from Glud et al. (2000).  
 
A data compilation by Rysgaard et al. (1999) and Rysgaard & Glud (2007) demonstrated a 
close relation between the ice-free period and annual primary production in the Arctic. 
Compiling only data from Arctic fjords indicates a similar relationship (Fig. 6.8A) and assuming a 
linear relation we estimate that the predicted doubling in ice-free days (Rysgaard & Glud 2007) 
would result in a corresponding doubling of the annual primary production. This positive 
relationship is also expected to apply to the net organic material deposition rates, and, as 
benthic mineralization and burial are predominantly controlled by availability of organic material 
(this study; Sagemann et al. 1998; Thamdrup & Fleischer 1998), a similar relationship is 
assumed between the duration of the ice-free period and both benthic mineralization and burial 
(Fig. 6.8B). Using these relationships, the predicted increase in the ice-free period in Young 
Sound from 80 days today to 160 days by the end of the twenty-first century (Rysgaard et al., 
2003), would lead to an estimated doubling in both benthic mineralization and burial (Fig. 6.8B).  
 
Increases in productivity and subsequent net deposition are expected to enhance the relative 
importance of anaerobic degradation pathways such as SRR (Canfield, 1989), which our data 
supports with anaerobic processes in Kobbefjord being of greater importance than in Young 
Sound (Table 6.2). To the extent that the reactive iron buffer capacity of the sediment is 
exceeded, this could potentially lead to periods of free H2S accumulation in the sediment as 
known for many Temperate sites (Fossing et al., 2002). This could cause drastic changes in the 
Study Site Ice-Free 
Period 
(d) 
Water 
Depth 
(m) 
Primary 
Production 
(mol C m
-2
 y
-1
) 
POC Export 
(mol C m
-2
 y
-1
) 
Pelagic 
Mineralization 
(mol C m
-2
 y
-1
) 
Benthic  
Mineralization 
(mol C m
-2
 y
-1
) 
Benthic Burial 
(mol C m
-2
 y
-1
) 
Den 
(%) 
SRR 
(%) 
Kobbefjord ~ 300
a 
107
 
7.2
a
 19.9
a
 9.5
a
 3.2
a
 5.3
a
 2
a
 69
a
 
Young Sound ~ 80
b 
107 0.9
c 
1.4
d 
1.1
e 
0.65
f 
0.8
g 
2
g 
57
g 
Ratio YS:KF 4  8 14 8 5 6   
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composition and biogeochemical function of the benthic macrofauna communities. However, 
free H2S was not detected at any point in the sediments of Kobbefjord, and the net deposition 
here (or those projected for Young Sound) does not seem to be sufficient to exceed the 
sediment H2S buffering capacity. So, despite the predicted increase in both mineralization and 
burial rates, the shift in mineralization pathways is only expected to exert a minor effect on the 
macrofaunal community.  
 
 
 
 
  
149 
 
 
Chapter VII 
Seasonal carbon dynamics in a sub-
Arctic fjord adjacent to the Greenland 
Ice Sheet 
  
Chapter 7 
150 
 
7 Seasonal carbon dynamics in a sub-Arctic fjord adjacent to the 
Greenland Ice Sheet  
 
Lorenz Meire, John Mortensen, Søren Rysgaard, Karline Soetaert, Filip Meysman, in 
preparation for Limnology and Oceanography 
7.1 Abstract 
Greenland fjords form the interface between the ocean and the Greenland Ice Sheet and in this 
way act as bio-reactors between land, ice and the coastal seas. Due to the strong increase in 
meltwater flux from the Ice Sheet, climate change is expected to have a pronounced impact on 
the biogeochemical cycling in these systems. However as yet detailed knowledge on seasonal 
biogeochemical functioning in these systems is limited, making it difficult to project how they will 
respond to this projected freshening. We investigated the carbon cycling during 2013 in a sub-
Arctic fjord (Godthåbsfjord) in southwest Greenland impacted by marine terminating glaciers. 
Monthly hydrographic and biogeochemical sampling was performed along a gradient from the 
mouth to the inner part of the fjord where the glaciers discharge. Following a strong spring 
bloom in the fjord system, productivity remained high and a prolonged summer bloom could be 
observed. This summer bloom was most pronounced in the inner part of the fjord for the station 
driven by nutrient upwelling from subglacial freshwater discharge. This results in a total annual 
primary production of 85 to 100 g C m-2 yr-1 in the fjord. Vertical carbon export to depths below 
60 m measured in the central part of the fjord of 220 g C m−2 yr-1 suggests that a large fraction 
of the production sinks out of the photic zone efficiently decoupling production and 
mineralization. Due to the close coupling of productivity with fjord circulation, future changes in 
the timing or magnitude of meltwater runoff from the Greenland Ice Sheet are likely to impact 
the nutrient and phytoplankton dynamics in the fjord. 
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7.2 Introduction 
The Arctic region is currently undergoing strong climate-induced changes, such as increases in 
air temperature, precipitation, freshwater run-off and a reduction in sea ice cover. These 
changes are predicted to further increase in the near future, and they are expected to strongly 
impact the physical oceanography and biogeochemistry of the Arctic coasts and shelves 
(McClelland et al., 2012; Tremblay and Gagnon, 2009; Wassmann and Reigstad, 2011). This is 
particularly true for the fjords and coastal areas around Greenland, which are especially prone 
to large changes due to a reduction in sea-ice cover and an increased meltwater runoff from the 
Greenland Ice Sheet. In recent years, the meltwater flux from the Greenland Ice Sheet (which 
combines both surface meltwater runoff and solid ice discharge) has nearly doubled to ~1000 
Gt yr-1 meltwater (Bamber et al., 2012), and by 2100, projections indicate a further increase in 
runoff with 200 to 1600 Gt yr-1 (Fettweis et al., 2012). While the reduction of the sea-ice cover 
has been linked to increased light availability and higher primary production in the fjords 
(Rysgaard and Glud, 2007), the impact of glacial meltwater input on biogeochemistry of Arctic 
coastal systems has received less attention.  
 
Recent studies have shown that the fjords in Greenland are very dynamic in carbon cycling and 
are a strong sink for CO2 (Meire et al., 2015; Rysgaard et al., 2012; Sejr et al., 2011). Part of the 
CO2 uptake can be attributed to the mixing of fresh glacial meltwater with ambient saline fjord 
water resulting in an undersaturation of the surface waters with respect to atmospheric CO2. 
Still, high primary production in the surface waters appears to be the most important driver for 
the observed high CO2 uptake (Meire et al., 2015). In addition to an extensive spring bloom, a 
strong summer bloom is observed in some Arctic fjords impacted by glacial meltwater 
(Etherington et al., 2007; Juul-Pedersen et al., 2015, Chapter 4). This contradicts the classical 
model of coastal productivity, which states that a higher freshwater runoff leads to stronger 
stratification, thus reducing the vertical transport of nutrients and limiting new production 
(Tremblay et al., 2012).  
 
In order to understand the possible effect of the large climatic perturbation on the biological 
pump, knowledge of the present drivers of this productivity and its sinks is essential. In this 
paper we present hydrographic and biological data collected at three stations in a subarctic fjord 
along a transect from the glaciers of the Greenland Ice Sheet to the entrance of the fjord during 
a full annual cycle.  
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7.3 Material and methods 
7.3.1 Field site 
This study was conducted in Godthåbsfjord (Nuup Kangerlua, southwest Greenland), which 
covers an area of 2013 km2 and has a mean water depth of 260 m, (Fig. 7.1). The fjord has 
several sills, but the main sill (~170 m depth) is located at the entrance of the fjord (Mortensen 
et al., 2011; Rysgaard et al., 2012). Three tidewater outlet glaciers drain into the fjord system: 
Kangiata Nunaata Sermia (KNS), Akullersuup Sermia (AS) and Narsap Sermia (NS) (Figure 
7.1). In addition, the fjord system is impacted by meltwater input of three glacial rivers: 
Qamanârssûp Sermia (QS), Kangilínguata Sermia (KS) and Saqqap Sermersua (SS), which all 
drain into the fjord through Lake Tasersuaq (LT). Recent hydrological simulations estimate the 
mean annual surface runoff of freshwater into the Godthåbsfjord at 22.5 ± 5.2 km3 yr-1 for the 
period 1991-2012 (Langen et al., 2014; Van As et al., 2014). Surface runoff from the ice sheet 
accounts for 60 % of the freshwater input, land runoff is responsible for 34 %, and net 
precipitation over the fjord surface represents the remaining 6 % (Langen et al., 2014). This 
runoff estimate however excludes solid ice discharge, as well as basal and submarine discharge 
of meltwater from glaciers. In addition to the surface meltwater runoff, Godthåbsfjord receives 
~10 km3 yr-1 solid ice through calving of three marine terminating glaciers in the fjord (Mortensen 
et al., 2013), and an unknown input of freshwater due to subglacial discharge (estimated base 
discharge of ~10 m3 s-1 during summer). 
 
Data was collected during monthly sampling campaigns throughout 2013 at three stations (GF3, 
GF7 and GF10) in the Godthåbsfjord (Fig. 7.1). These three stations are representative for the 
different hydrographic regions in the fjord system (Fig. 7.1). Station GF3 is located in the 
entrance of the fjord (referred to as outer sill region by Mortensen et al. 2011) and is 
characterized by strong tidal currents, and hence, strong vertical mixing and limited 
stratification. Station GF7 is located in the central part of the fjord, which experiences strong 
stratification during the summer resulting from the large meltwater runoff. However, the impact 
of glacial meltwater is the strongest in station GF10, which is located in the inner part of the 
fjord, close to the tidewater glaciers. The station is located ~20 km downstream from glacial 
river outlet from Lake Tasersuaq and ~40 km from downstream from the Narsap Sermia 
tidewater glacier. Station GF10 is also permanently ice free during winter, allowing sampling 
throughout the year. 
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Figure 7.1: Map of the Godthåbsfjord system with the sampling stations, GF3 in the mouth of the fjord, 
GF7 in the central part and GF10 in inner part, closest to the glaciers connected with the Greenland Ice 
Sheet. The main marine terminating glaciers: KNS (Kangiata Nunaata Sermia), NS (Narsap Sermia) and 
LT (Lake Tasersuaq  draining the Saqqap Sermersua glacier). Meteorological data is available from a 
station in Nuuk. 
 
7.3.2 Water column sampling  
Conductivity and temperature depth profiles were recorded at each station by a Seabird 
SBE19+ CTD equipped with additional sensors for fluorescence (Seapoint Chlorophyll 
Fluorometer), Photosynthetic Active Radiation (LI-COR 190SA quantum Q PAR sensor) and 
oxygen (SBE 43, Seabird) and turbidity (Seapoint). Partial pressure of carbon dioxide (pCO2) 
was measured in situ using the HydroC™ Carbon Dioxide Sensor (Contros, Germany) at the 
surface (1 m). Water samples were collected at eight water depths (1, 5, 10, 20, 30, 40, 100 and 
400 m) using 5 liter Niskin bottles (KC Denmark Research Equipment). Water was withdrawn 
from these bottles using Tygon tubing for the determination of oxygen concentrations via 
Winkler titration (Parsons et al. 1984), which were used to calibrate the CTD oxygen optode. 
Water samples for chlorophyll analysis were filtered onto 25 mm GF/F filters (Whatman, nominal 
pore size of 0.7 µm). Filters were placed in 10 mL of 96 % ethanol for 18 to 24 hour and 
chlorophyll fluorescence in the filtrate was analyzed using a fluorometer (TD-700, Turner 
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Designs) before and after addition of 200 μL of a 1 M HCl solution. Subsamples (10 mL) for 
nutrients (phosphate, nitrate and silicate) were filtered through 0.45 µm filters (Q-Max GPF 
syringe filters) and frozen until further analysis. Phosphate (PO4
3-) and nitrate (NO3) 
concentrations were measured using standard colorimetric methods on a Seal QuAAtro auto 
analyzer. Silicate (DSi) concentrations from Godthåbsfjord were analyzed on a Thermo 
iCAP6300 Duo-ICP. 
 
7.3.3 Primary production  
Primary production rates were determined by the 14C incubation method (Nielsen, 1952). 
Incubation bottles were filled with 55 mL of unfiltered seawater, spiked with 175 µL NaH14CO3 
(20 µCi mL-1) and incubated for two hours in an ICES incubator (Hydro-Bios, Germany). The 
samples were filtered onto 25 mm GF/F filters (Whatman), 100 µL of 1 M HCl was added to 
remove excess NaH14CO3 and the filters were left open for 24 h in the fume hood. 
Subsequently, 10 mL of scintillation cocktail (Ultima Gold, Perkin Elmer) was added to the 
samples before counting them on a scintillation counter (Liquid Scintillation Analyzer, Tri-Carb 
2800TR, PerkinElmer). After subtracting CO2 fixation rates obtained from dark incubations, 
gross primary production rates were calculated based on measured DIC concentrations. This 
way, photosynthesis-Irradiance (P-I) curves (Eilers and Peeters, 1988) were obtained for 11 
sampling dates at 2 separate depths (5 and 20 m). The light extinction coefficient was 
calculated from the measured depth profile of PAR, as recorded by the CTD instrument. Solar 
irradiance values at a 10 minutes intervals were obtained from the meteorological survey in 
Nuuk for the whole year of 2013 (Meteorological station 522, Asiaq Greenland Survey). Using 
these solar irradiance data, the daily productivity was calculated over the entire year, employing 
the light extinction coefficient and the P-I curves at the monthly sampling dates. This approach 
assumes that light extinction and P-I curves remain the same in the two-week period before and 
after the sampling dates. 
  
7.3.4 Sediment traps  
Export of particulate organic material was measured using free drifting sediment traps at station 
GF7 in the central fjord. Sediment traps were deployed for ~ 5 h at 60 m (i.e. below the euphotic 
zone) during each monthly sampling. Sediment trap material was filtered onto pre-combusted 
Whatmann GF/F filters for determination of the total particulate mass flux. The filters were kept 
frozen (18°C) until further analysis. Particulate carbon flux (POC) was measured on sediment 
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trap material using an Elemental Analyzer Isotope Ratio Mass Spectrometer (Sercon Limited, 
Crewe). Sedimentation rates (mg dry weight m–2 d–1) were calculated using the equation by 
Knap et al. (1996). 
 
7.3.5 Air-sea exchange of CO2  
The difference in pCO2 between surface water and atmosphere drives the air-sea CO2 
exchange (ASE). Air-sea CO2 fluxes were calculated using the relation:  
 𝐀𝐒𝐄 = 𝐊𝐚𝐯𝛂∆𝒑𝐂𝐎𝟐 4 
where ΔpCO2 is the difference in pCO2 of the surface water (here at 1 meter water depth) and 
the atmospheric pCO2. Negative values of ASE imply an uptake by the sea and positive values 
an efflux to the atmosphere. The atmospheric pCO2 was measured monthly at GF3 using an 
infrared CO2 monitor (EGM-4 PP systems). The mean atmospheric pCO2 was 400 µatm for 
2013. The quantity α is the solubility of CO2 in seawater (mol m
-3 atm-1). Kav (m s
-1) is the gas 
transfer coefficient calculated using both the formulation of Nightingale et al. (2000) and of 
Wanninkhof and McGillis (1999). These formulations depend on the wind speed data (m s-1), at 
10 meter above sea level, obtained from the Nuuk weather station in the fjord system 
(Meteorological station 522, Asiaq Greenland Survey). The monthly mean wind speed varied 
from 5 to 9 m s−1 for 2012 and 2013, but during storms, wind speed up to 30 m s-1 were 
recorded.   
 
7.3.6 Data processing  
The stratification parameter (φ, J m−3) was calculated based on the water density profiles and 
represents the amount of energy required to homogenize the water column through vertical 
mixing (Simpson, 1981). Processing of data was done in the open-source programming 
language R (R Core Team, 2013). The AquaEnv R-package (Hofmann et al., 2010) was used 
for acid-base speciation and CO2 system calculations. Interpolation of the data and contour 
plots were produced using the Akima package (Akima et al., 2006).  
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7.4 Results  
7.4.1 Seasonal temperature and wind patterns in Godthåbsfjord 
Like other high-latitude coastal systems, Godthåbsfjord is strongly impacted by strong 
seasonality in incoming solar radiation, air temperature, wind patterns and glacial meltwater 
input. Mean daily air temperatures in Nuuk are generally below zero between November and 
May. However in 2013, early spring was rather exceptionally warm, as positive air temperatures 
prevailed from mid-March to early April (Fig. 7.2b), leading to an early breakup of the sea ice in 
the inner part of the fjord (Chapter 2). Subsequently, air temperatures again dropped below 
zero, to only become positive again in early June. The above-zero temperatures across the 
summer and early fall, induced a substantial input of glacial meltwater into the fjord. Glacial 
meltwater discharge started in June as evident discharge measurements from the river fed by 
the Saqqap Sermersua glacier (through lake Tasersuaq) and reached its peak discharge in 
August (Fig. 7.4). The total surface meltwater runoff during summer in the Godthåbsfjord has 
been estimated to be ~20 km3 yr-1, while the estimate for solid ice discharge, calved from the 
three tidewater glaciers, lies around ~10 km3 yr-1 (Mortensen et al., 2013; Van As et al., 2014).  
 
Godthåbsfjord is furthermore characterized by strong fjord winds. The mean annual wind 
velocity over 2013 was 6.3 m s-1 (with monthly mean wind speed varying between 5 to 9 m s-1), 
while during storm periods, peak wind speeds up to 30 m s−1 were recorded (Fig. 7.2c). The 
dominant wind direction in the fjord system varies strongly with the season. During winter 
(November to May), the dominant winds are outwards of the fjord, driven by the gradient 
between a cold Greenland Ice Sheet and warmer coastal zone (Fig. 7.2d). In Mid-May, the wind 
direction becomes more variable and gradually turns inwards (i.e. towards the glaciers) as more 
intense heating occurs in the inner part of the fjord (Fig. 7.2d). This wind regime persists to late 
summer (September), after which it again switches to out-fjord winds. 
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Figure 7.2: Physical conditions for Nuuk (mouth of Godthåbsfjord). Panel a shows the temporal evolution 
of radiative forcings (W m
-2
). The blue curve shows the daily average PAR radiation. Panel b shows the 
temperature (°C). The red line shows the climatological mean for Nuuk and the striped red line indicates 
the mean minimum and maximum values. Panel c shows the evolution of wind speed during 2013. Panel 
d shows the seasonal wind rose for spring (February to May), summer (June to September) and autumn-
winter (October to January). 
 
7.4.2 Physical oceanography of the fjord system 
The combination of strong winds, tidal mixing, inflows of saline water from open sea, and glacial 
meltwater input results in a complex hydrodynamic circulation, which displays a strong 
seasonality. Over winter and spring of 2013, the salinity in the water layer gradually increased to 
reach a maximum by late May-early June (Fig. 7.3). This increase in salinity (and density, which 
is predominantly salinity controlled) was not only observed in the surface layer (upper 40 m ) but 
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also in the deeper water layers extending from 40-300 m (Fig. 7.4b). In summer, Godthåbsfjord 
is profoundly impacted by the input of glacial meltwater. From June onwards, the input of glacial 
meltwater strongly decreases salinity in the upper water layer. Combined with surface solar 
heating, this induces a strong seasonal stratification in the upper water column during summer, 
which developed first and was most pronounced in the inner fjord (Fig. 7.4c). In station GF10, 
which is located closest to the glaciers discharge points, the strongest decrease in salinity was 
recorded, reaching a minimum value of 13.5 in mid-August (Fig. 7.3). The large freshwater input 
into the fjord system creates an estuarine circulation regime, where the fresh surface layer is 
transported out of the fjord. As the fresh water plumes moves along the axis of the fjord, wind 
driven mixing gradually increases its salinity, as the fresh surface layer is mixed deeper into the 
water column. In the central part of the fjord (GF7), salinity decreased to 17.9 in mid-August and 
the strength of the stratification in upper 40 meter was comparable to station GF10 (Fig. 7.4c).  
 
 
Figure 7.3: Temporal evolution of salinity (Left) and temperature (Right) in station GF10 (in inner fjord 
close to the glaciers), station GF7 (central part of the fjord) and GF3 (in the mouth of the fjord).  
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At the mouth of the fjord (GF3), we observed the yearly minimum salinity (26.9) in mid-
September, and hence the impact of glacial meltwater is strongly reduced and delayed. During 
every tidal cycle 20 km3 of water (similar as the total annual meltwater runoff) passes through 
the fjord entrance thus creating strong tidal mixing in the outer sill region (Mortensen et al., 
2011). This strong tidal mixing homogenizes the water column and weakens the stratification at 
GF3 (Fig. 7.3, 7.4c). 
 
 
Figure 7.4: Panel a shows the discharge measured in river draining Lake Tasersuaq (LT) fed by the SS 
glacier, representative for glacial meltwater runoff to Godthåbsfjord. Panel b shows temporal evolution of 
density difference to February 2013 in station GF10 (inner part of the fjord) in the surface (0-40 m) and for 
deeper depths (40-300 m) during 2013. Panel c shows the stratification in the fjord as quantified by 
stratification index (J m
-3
) in upper 40 meter of water column in the three stations. 
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In addition to the surface meltwater input, originating from glacial rivers and surface runoff from 
glaciers, Godthåbsfjord is also influenced by subglacial freshwater discharge from the marine 
terminating glaciers. Meltwater generated on the Greenland Ice Sheet percolates through 
channels to deeper depths, and is discharged at the grounding line of the glacier, which lies 
below the fjord water surface. When this subglacial meltwater enters the fjord, the buoyant 
meltwater rises towards the surface entraining large volumes of ambient fjord water (typically in 
a ratio of 1:10 to 1:30). This creates a highly turbulent region immediately adjacent to the 
tidewater glacier terminus (Mortensen et al., 2013; Motyka et al., 2003). Downstream the cold, 
deep upwelled water typically settles under the fresh surface water layer created by surface 
runoff, as indicated by the subsurface temperature minimum in GF10 in summer (Fig. 7.3).  
 
Glacial meltwater is enriched in suspended materials, and hence, the large input of glacial 
meltwater in summer strongly increases the turbidity in the fjord. The increase in turbidity 
strongly impacts the light regime in the fjord. The euphotic depth (quantified as the depth where 
1 % of surface light remains) was positioned around 10-15 meter in the inner part of the fjord in 
summer. Gradual settling of the suspended particles led to a deepening of the euphotic zone in 
the central part of the fjord (GF7), where the euphotic depth increased to 25 meter during 
summer (Fig. 7.5). At the mouth of the fjord, the euphotic depth varied around ~30 m throughout 
the year.  
 
7.4.3 Nutrients and phytoplankton dynamics 
From the end of March onwards, an increase in incoming radiation combined with the 
development of a weak stratification, initiated the development of a spring bloom (Fig. 7.5). The 
build-up of biomass during this spring bloom is much stronger in the inner fjord (GF10 and GF7 
showed chlorophyll a concentrations up to 10.5 µg L-1) compared to the mouth of the fjord (GF3 
had only Chl a up to 4.5 µg L-1). The spring bloom rapidly consumed nutrients in the photic zone 
(Fig. 7.6) and induced an oxygen oversaturation (Fig. 7.5), which was most pronounced in the 
central part of the fjord (GF7). Consumption of nutrients led to a deepening of the bloom 
downstream, in agreement with the depth decrease of the photic depth. Chlorophyll 
concentrations remained high in all stations from April to June, especially in the inner and 
central fjord stations GF10 and GF7 (Fig. 7.5).  
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Figure 7.5: Temporal evolution of fluorescence (calibrated versus chlorophyll a in µg L
-1
) and oxygen (% 
saturation) in station GF10 (closest to glaciers), station GF7 (middle of the fjord) and GF3 (in the mouth of 
the fjord).The white lines indicate the euphotic depth (Depth at which 1 % of the PAR radiation remains). 
 
During summer (July-August), chlorophyll concentrations remained high in the inner fjord at 
station GF10. Distinct deep chlorophyll maxima were observed around 10 to 15 m depth, 
suggesting that primary production was governed by a trade-off between nutrient supply from 
deeper waters and light availability, as high turbidity limited deeper light penetration (Fig. 7.5). 
This continued primary production through the summer at GF10 induced oxygen oversaturation 
of ~150 % in the surface water (Fig. 7.5). At station GF7, nutrient concentrations remained low 
(~1-2 µM) in the photic zone during July and August, and chlorophyll concentrations in August 
were also low (<2 µg L-1). Chlorophyll concentrations at the fjord entrance (GF3) were similar in 
range as in the central fjord, even though nitrate concentrations were higher (~3-4 µM) (Fig. 
7.6). 
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Figure 7.6: Temporal evolution of nitrate and phosphate in station GF10 (inner fjord closest to glaciers), 
station GF7 (middle of the fjord) and GF3 (in the mouth of the fjord). 
 
The phytoplankton biomass, integrated over the surface layer (40 m), obtained a value of 25 g 
Chla m-2 over 2013 in central and inner part of fjord (GF7 and GF10). At the mouth of the fjord 
(GF3), biomass was lower and attained an annual mean value of 14 g Chla m-2. Annual gross 
primary production (GPP, based on PE-curves from 11 sampling campaigns) became 100 g C 
m-2 yr-1 at station GF3. In the central part of the fjord (GF7), GPP was estimated as 85 g C m-2 
yr-1, while at GF10, closest to the glacier termini, we obtained a GPP of 100 g C m-2 yr-1 (Fig. 
7.7)  
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Figure 7.7: Integrated chlorophyll a concentration (mg Chla m
-2
) and primary production (mg C m
-2
 d
-1
) in 
upper 40 meter at station GF10 (closest to glaciers, black), station GF7 (middle of the fjord, blue) and 
GF3 (in the mouth of the fjord, red). 
 
Surface (1 meter) pCO2 lays around ∼350 µatm for all station during winter (Fig. 7.8). Matching 
the onset of the spring bloom, surface pCO2 shows a clear decrease in pCO2. The decrease is 
most pronounced in inner and central part of the fjord. After the fast decrease in surface pCO2 in 
April, surface pCO2 continues to decrease during late spring and summer. The decrease is most 
pronounced in station in inner part of fjord (GF10) where pCO2 drops down to 100 µM in August 
matching with the low salinity in surface layer (Fig. 7.8).   
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Figure 7.8: Temporal evolution of temperature, salinity and pCO2 in station GF10 (inner fjord closest to 
glaciers), station GF7 (middle of the fjord) and GF3 (in the mouth of the fjord). 
 
7.4.4 Particle export in the central fjord 
A sediment trap was deployed each month at the central fjord station (GF7). The total 
particulate flux ranged between 10-35 g m-2 d-1 and revealed clear monthly variability (Fig. 7.9). 
Relatively high particle export occurred during autumn and winter (~20 g m-2 d-1). Particle fluxes 
decreased during spring, and slightly increased in summer. Following the break-up of the strong 
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summer stratification in September, a strong increase in particle sinking was observed (Fig. 
7.9a). Annually integrated, sedimentation of total particulate material was 6.3 kg dry weight m-2 
yr-1. In contrast to the total suspended material, POC and pigments showed the strongest 
sedimentation right after the spring bloom (Fig. 7.9), followed by a secondary peak in 
September (no measurement in August), which was most pronounced for the phaeopigments. 
Based on the monthly measured POC flux, an annually integrated POC sinking flux of 220 g C 
m−2 yr−1 was calculated (sinking material consisted on average of 0.5 % of organic carbon 
although this ratio varied monthly). 
 
 
Figure 7.9: Seasonal sediment trap data from 2013 at station GF7. Panel a shows annual evolution of 
total suspended material (in g m
-2
 d
-1
) and the stratification index (J m
-3
) in the upper 40 m. Panel b shows 
seasonal evolution of pigment analysis of trapped material with concentration of Chlorophyll a and phaeo 
pigments (in mg m
-2
 d
-1
). Panel c shows POC export (g C m
-2
 d
-1
).   
 
7.5 Discussion 
7.5.1 Seasonal cycle in biochemistry in fjord systems impacted by glacial meltwater 
input 
We investigated the carbon cycling in a sub-Arctic fjord during 2013 in three stations that cover 
a transect from the fjord mouth to the tidewater glaciers. Three characteristic periods in the fjord 
can be distinguished in terms of primary production and carbon cycling: (1) a quiescent 
autumn/winter period, (2) an intense spring bloom period, and (3) a prolonged summer bloom 
period, driven by nutrient upwelling from subglacial meltwater input.  
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From October to late spring, Godthåbsfjord is characterized by dense coastal inflows driven by 
density differences between the outer shelf and the deeper fjord water (Mortensen et al., 2011). 
During these sporadic inflows, the bottom water in the fjord is renewed, leading to an increase in 
density (Fig. 1.4) (Mortensen et al., 2011, 2014). Low irradiance during winter prevents 
biological activity during autumn and winter months, but in early spring, a pronounced spring 
bloom starts in Godthåbsfjord. A combination of density driven upwelling and dominant fjord 
winds play a crucial role in structuring the spring bloom in the fjord (Mortensen et al 2011; 
Chapter 2). The dense coastal inflows drive an upwelling in the inner part of the fjord, which is 
further enhanced by dominant out fjord winds. This results in the upwelling of nutrient-rich 
bottom water in the inner part of the fjord, which then supports an intense and prolonged 
phytoplankton bloom. Coinciding with these high primary production rates, high vertical fluxes of 
chlorophyll a were measured in the sediment trap (Fig. 1.9 and 1.10). This large export of 
organic material from the upper water layers during spring has been observed earlier in 
Godthåbsfjord (Rysgaard et al., 2012; Sejr et al., 2014) and creates an efficient biological pump 
through the spatial separation of production and mineralization (Passow and Carlson, 2012). 
 
During the summer months, the hydrodynamic circulation in Godthåbsfjord is strongly impacted 
by large input of glacial meltwater. This leads to strong spatial gradients in stratification, 
euphotic depth and dynamic circulation in the fjord systems (Meire et al., 2015; Mortensen et al., 
2011). Direct measurements of nutrient concentrations reveal that the meltwater is low in nitrate 
and phosphate (Fig. 1.6, Chapter 3). To sustain new production observed during summer 
months (Fig. 1.7), nutrients therefore need to be supplied from deeper water (Sakshaug, 2004; 
Tremblay et al., 2012). Due to subglacial discharge, strong upwelling is induced in the inner 
fjord, which supplies new nutrients to the surface layer during the summer months (Chapter 4, 
Bendtsen et al., 2015). Additionally, migrating icebergs can also create local upwelling (Smith et 
al., 2007; Vernet et al., 2012), but the relative importance of such iceberg-induced nutrient 
upwelling is currently unknown. Due to the high turbidity induced by the glacial melt input, the 
euphotic depth is limited. The combination of light limitation and nutrient supply from below 
results in subsurface chlorophyll a maxima at ~ 10-20 m depth. Consumption of the nutrients 
downsteam and strong stratification limits nutrient supply to the photic zone in the central part of 
the fjord (GF7), resulting in low production in summer. In the mouth of the fjord (GF3), 
production rates are higher, but strong tidal mixing prevents a high build-up of biomass, as has 
been observed in Marine Basic Nuuk monitoring program in station GF3 (Juul-Pedersen et al., 
2015).  
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After the spring bloom, the main factor controlling the primary production is the resupply of 
nutrients to the surface layer. Meltwater runoff induces strong stratification and the high input of 
silt through glacial meltwater strongly reduces light penetration, however the study shows that 
even in this challenging environment, a high production can be sustained. Annual primary 
production estimates for the fjord vary from 85 to 100 g C m−2 yr−1. These estimate are similar to 
earlier estimates of 85 to 139 g C m−2 yr−1 for Godthåbsfjord (Juul-Pedersen et al., 2015) and 
estimates for West Greenland waters of 67 to 500 g C m−2 yr−1 (Jensen et al., 1999).  
 
7.5.2 Carbon budget 
Based on collected data, a carbon budget can be constructed for station GF7 in the central part 
of the fjord (Fig. 7.10). Data of the air sea exchange at station GF7 showed an annual uptake of 
~70 g C m−2 yr−1 (Meire et al., 2015). While primary production is the main process driving the 
high CO2 uptake, a part can be attributed to the input of meltwater where mixing of fresh glacial 
meltwater and ambient saline fjord water resulting in a CO2 uptake of 1.8 mg C kg
−1 of glacial ice 
melted. During summer consequently undersaturation in CO2 is most pronounced and 
calculated CO2 air-sea exchanges are highest (Fig. 7.8).  
 
Over the entire year, POC export rates are higher than local primary production in GF7. Even 
during winter, an export from the photic zone of 12 g C m-2 mon-1 was observed while primary 
production was negligible (Fig. 7.10). On an annual scale, the estimated particulate organic 
carbon flux of 220 g C m-2 yr-1 is more than twice the local primary production (85 g C m-2 yr-1).  
 
This raises the question where the carbon is coming from? Isotopic studies on the sedimented 
carbon indicated that the POC is of marine origin (Chapter 6) suggesting that carbon is 
advected from other regions and not only supplied through local production as observed 
previously in other Greenlandic fjords (Chapter 6, Rysgaard and Nielsen, 2006). As the 
dominant surface circulation is out-fjord both during spring and summer in the upper water layer 
(0-60 m which contributes to the trap material), it seems most likely the carbon is transported 
from inside the fjord and not from outside as reported for other regions in Greenland (Rysgaard 
and Glud, 2007). Potentially part of the high production in inner part of the fjord is transported 
downfjord and sinks out in the central fjord making it a deposition region. 
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Figure 7.10: Overview of circulation pattern and carbon budget at station GF7. Fjord circulation is shown 
with grey errors. Carbon fluxes are shown in black, all fluxes are expressed in gC m
-2
 month
-1
. 
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The total particle flux in the central fjord (GF7) supports the hypothesis that the central fjord is a 
deposition region or depocenter. The particle flux was estimated as ~6.3 kg m-2 yr-1. Assuming a 
sediment bulk density of 2.5 g cm-3 and porosity of sediment of 0.8, this results in a 
sedimentation rate of ~1.25 cm yr-1. Sedimentation rates estimated by radiocarbon dating on 
mollusk fragments in similar field site yield an estimate of ~1.72 cm yr-1 which matches with our 
estimate (Marit-Solveig Seidenkrantz, pers. Comm.). Radiocarbon dating in other sections of the 
fjord revealed substantially lower sedimentation with values ~0.06 cm yr-1. A study by Sørensen 
et al. (2015) also revealed much lower sedimentation rates in Kobbefjord, a side branch of 
Godthåbsfjord with ~0.28 cm y-1 (based on 210Pb). Due to sediment focusing, the central fjord 
is likely a deposition area and a strong carbon sink area.  
 
Alternatively, the large difference in carbon export and primary production could be due to 
methodological errors. Large daily variability in sedimentation is indeed not properly captured by 
monthly deployment of a free floating sediment trap (González et al., 1994; Juul-pedersen et al., 
2006). However as the calculated sedimentation rate lie in the same range as estimates from 
independent coring suggests that the method did manage to capture the average sediment and 
carbon flux.  
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8 General Discussion 
Discussion 
The Arctic region is undergoing drastic changes as a consequence of global warming resulting 
in a fast decrease of the sea ice coverage as well as accelerated melting of the Greenland Ice 
Sheet (Bamber et al., 2012). The coastal and shelf ecosystems around Greenland, and the fjord 
systems in particular, are susceptible to large changes, given their close association with the Ice 
sheet as well as the presence of sea ice in winter (Fig. 8.1). These changes in the cryosphere 
will impact the marine ecosystems but as our understanding of the biogeochemical cycling in 
these high-latitude fjord systems is still limited, it is difficult to predict how their ecosystem 
functioning will change in the coming decades. While the reduction in sea ice on the fjord 
ecosystems has been studied to some extent (Arrigo et al., 2008; Rysgaard and Glud, 2007; 
Wassmann and Reigstad, 2011), the impact of the large meltwater input from the Greenland Ice 
sheet during summer on fjord biogeochemistry has received little attention.  
 
 
Figure 8.1: Sea ice cover in Kobbefjord in March (upper panel) and the KNS glacier terminus in 
Godthåbsfjord in July (bottom panel) 
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The fjords around Greenland are highly biologically active and productive environments of high 
ecological and economical importance for Greenland. The fishing industry in Greenland 
accounts for 90% of the country's total export and has an estimated value of 340 million € 
(Berthelsen, 2014). The coastal fishery represents a significant percentage of this with a total 
annual landing of 98000 ton which has a value of 107 million € and employs ~2000 fishermen 
(around 4% of total population). A disruption in the lower food web levels induced for example 
by climate change will likely propagate to higher levels in the food chain and threaten these high 
latitude ecosystems and Greenland’s society. The focus of this thesis was therefore to increase 
our understanding of the biogeochemical cycling, and particularly the seasonal carbon 
dynamics, in fjords that are impacted by glacial meltwater. To this end, a detailed study was 
conducted on the pelagic and benthic biogeochemical cycling in Godthåbsfjord, a sub-Arctic 
fjord in southwestern Greenland, impacted by meltwater of marine and land terminating glaciers. 
In this study, I have tried to adopt an integrated perspective on the ecosystem function, by 
looking at both physical and biological processes, as well as by focusing on various 
compartments of the marine ecosystem: air-sea interactions, water column cycling and benthic 
biogeochemistry.  
 
Strong physical controls on biogeochemical cycling fjords 
 
The fjords and coastal waters around Greenland form the interface between the open ocean 
and the Greenland Ice Sheet (GrIS) and provide the stage for a complex interaction between 
glacial meltwater, calving icebergs and the ocean. With an estimated freshwater input of ~1000 
Gt yr-1, which combines both meltwater runoff and solid ice discharge, Greenland’s fjords and 
shelves are strongly impacted by the GIS, and this freshwater input is expected to strongly 
increase with ongoing climate change (Bamber et al., 2012). In addition, Greenland is 
experiencing increasing temperatures, enhanced precipitation, and reduction in sea ice cover all 
affecting hydrographic structure and circulation in fjord (Bamber et al., 2012; Bindoff et al., 
2007). This results in a complex fjord circulation creating strong physical gradients in the fjord 
(Mortensen et al., 2014; Straneo and Cenedese, 2014). During spring, a combination of out-
fjord wind and dense coastal inflows drive an upwelling in the inner part of the fjord (Chapter 2). 
During summer, high input of glacial meltwater lead to strong stratification in the fjord. However 
rising subsurface meltwater plumes originating from marine-terminating glaciers entrain large 
volumes of nutrient-rich deep water, resulting also during summer in strong upwelling in inner 
fjord (Chapter 4).  
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Figure 8.2: Conceptual model on phytoplankton bloom development in high latitude open water 
(Wassmann and Reigstad, 2011). In this thesis we hypothesize that glacial melt during summer impact 
productivity strongly depending on type of glacier.  
 
These strong spatial gradients in physical oceanography lead to pronounced gradients in 
biogeochemistry of Greenland’s fjords and control the primary production in the fjord. The start 
of the productive season in Godthåbsfjord is marked by an intense spring bloom (Chapter 2). 
Upwelling in the inner part during spring supplies nutrient-rich water to the surface layer in the 
inner fjord close to the glacier termini. As the surface waters are transported downstream, 
gradually a strong phytoplankton bloom is developed. Hydrographic measurements showed that 
the upwelling persisted from April to mid of May, leading to a prolonged spring bloom. This 
phytoplankton buildup consequently forms an important food source for higher trophic levels 
and sustains a high zooplankton biomass (Arendt et al., 2010; Teglhus et al., 2014). Contrary to 
the classical view, productivity remains high in Godthåbsfjord throughout summer matching the 
input of glacial meltwater. The strong freshwater runoff and surface heating is expected to 
strengthen the stratification isolating the photic layer from turbulent vertical nutrient transport 
significantly reducing primary productivity (Tremblay and Gagnon, 2009; Wassmann et al., 
2008). However despite the strong stratification during summer, production remained high 
during summer in Godthåbsfjord. Recent studies have hypothesized that run-off from glaciers 
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and the ice sheet provides nutrients which can impact productivity and marine carbon cycling 
(Bhatia et al., 2013; Hawkings et al., 2015). So are the melting glaciers a source of nutrients? In 
Chapter 3, we report elevated DSi concentrations near the glacier termini (~30 µM in 
Godthåbsfjord and ~15 µM in Young Sound). A compilation of data from different meltwater 
rivers in Greenland (Chapter 3) confirms the high export of DSi by glacial meltwater with 
concentrations varying from 5 to 280 μM. However while DSi concentrations are high in 
meltwater, nitrate and phosphate concentrates are low. Similarly to river inputs to the Arctic 
Ocean, meltwater dilutes with respect to nitrate and phosphate but enriches the fjord with 
respect to dissolved silica (McClelland et al., 2012). Furthermore it has been hypothesized that 
the Greenland Ice sheet supplies significant amounts of bioavailable organic carbon (Hood et 
al., 2015; Lawson et al., 2014b) similar to the large Arctic rivers (Benner, 2004; McClelland et 
al., 2012). While the Arctic rivers transport large amounts of terrestrial carbon from the Russian 
and Canadian Arctic, carbon export from the Ice Sheet is either from deposition of aerosols 
such as fossil fuel combustion byproducts and wind-blown organic material or ancient terrestrial 
material at the bed (Lawson et al., 2014a). Hood et al. (2015) report a DOC concentration of 40 
µmol C L-1. This represents an input of organic carbon but is lower than the background 
concentrations in fjords as measurements of deep water (400 m) in Godthåbsfjord show an 
average DOC concentration of 70-80 µmol C L-1. Therefore we hypothesize that input of 
meltwater does not directly stimulate productivity in the fjord (Fig. 8.2). This hypothesis is 
supported by reported low productivity during summer, after the spring bloom, in inner region of 
fjord systems with land-terminating glaciers (e.g. Young Sound). However close to marine-
terminating glaciers, significant phytoplankton productivity in the inner fjord is sustained in 
summer. The rising subsurface meltwater plumes during summer entrain large volumes of 
nutrient-rich deep water, and the resulting upwelling of nutrients sustains significant 
phytoplankton productivity in the inner part of the fjord. As glacial meltwater is rich in silica from 
rock weathering, growth of diatoms is stimulated when silica-rich meltwater mixes with upwelled 
deep water which can stimulate carbon export from surface. This led to a new conceptual model 
on primary production in fjords impacted by glacial meltwater where we make a distinction 
based on the type of glacier discharging into the fjord (Fig. 8.2). 
 
Why are fjords strong sinks of CO2? 
 
The surface water of Godthåbsfjord is undersaturated in CO2 throughout the year resulting in 
estimated CO2 uptake of 65 g C m
−2 yr−1, indicating that the fjord system is a strong sink for CO2 
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compared to other coastal areas (Takahashi et al., 2009). In Chapter 5 we elaborate that a 
fraction of the CO2 uptake can be attributed to the input of glacial meltwater. Mixing of fresh 
glacial meltwater and ambient saline fjord water results in a CO2 uptake of 1.8 mg C per kg of 
glacial ice melted due to the thermodynamic effect on the surface water pCO2. Melting of the Ice 
Sheet consequently explains part of the high CO2 uptake in Greenland’s fjords. Specifically for 
Godthåbsfjord, the meltwater runoff results in an uptake of 18 g C m−2 yr−1 or around 25 % of 
total uptake. The largest fraction of the uptake though, is due to high primary production during 
spring and summer. The fate of organic matter will determine the final carbon sink for the 
remaining CO2 uptake in the fjord system. Seasonal sedimentation data show high export of 
organic carbon to the sediment (Chapter 6 and 7). The isotopic signature reveals that most of 
the sinking organic material is from marine origin (Chapter 6), therefore the terrestrial organic 
material input is likely limited. This implies that productivity consequently is higher in other 
regions or/and sedimentation in these regions less. Potentially part of the high POC export can 
be attributed to the high diatom productivity in the fjord, as they dominate both during early 
spring and during summer (Krawczyk et al., 2015, Chapter 3). This diatom productivity can 
efficiently export carbon from the photic zone (Allen et al., 2005; Klaas, 2002; Smetacek et al., 
2012). Sørensen et al. (2015) however hypothesized that most of the carbon is mineralized in 
the deeper water layers. This would however imply a buildup of inorganic carbon in the deeper 
fjord layers, but that is not supported by field data (Chapter 5) (Meire et al., 2015). When the 
organic material reaches the sediment, a fraction (~ 38 %) is mineralized. In contrast to the 
strong seasonality in pelagic primary production and POC export, the benthic O2 uptake only 
showed moderate seasonality in Kobbefjord (Chapter 6). But we observed changes in the 
importance of the different pathways with oxic mineralization being less important during the 
summer months. Therefore during summer and spring likely reduced iron and sulfur accumulate 
in the sediment, in the form of FeS and FeS2 and are reoxidized during autumn and winter. The 
larger supply of organic matter compared to high-Arctic systems (Young Sound) makes 
anaerobic degradation pathways more important in sub-Arctic systems (Glud et al., 2000). The 
study furthermore demonstrates that the largest fraction (~ 65 %) of the sedimentating organic 
material is buried in the sediment. Estimates of export production range in other shelf areas 
range from 15 to 50 % (Glud, 2008). This suggests that the fjords can play an important role as 
carbon sink as observed globally (Smith et al., 2015). Similar to estuaries and shallow 
productive shelf systems (Borges et al., 2005), fjords are very productive leading to strong CO2 
sink in the surface. The sequestered carbon is however efficiently transported out of the mixed 
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layer due to strong sedimentation and consequently, due to their depth, production and 
mineralization is stronger decoupled compared to estuaries and shallow shelf systems. 
 
Godthåbsfjord 2100 
 
Due to retreat of sea ice, accelerated melting of the Greenland Ice Sheet and projected 
warming, Greenland’s fjords are susceptible to strong changes. Although sea ice plays a crucial 
role in marine ecosystem, for the coastal ocean around Greenland the impact of GIS melt may 
exceed changes induced by decrease in sea ice cover. This will be especially the case for 
Godthåbsfjord, as sea-ice extent at present is limited. As shown in Figure 8.3, glaciers in 
Godthåbsfjord are responding rapidly to the present warming (Lea et al., 2014). Increasing air 
temperature will likely further increase the freshwater runoff to the fjord in the future (Fettweis et 
al., 2012). A projected increase in surface runoff of meltwater will increase the silica flux in 
summer to the fjord and can impact the phytoplankton community structure but will not enhance 
productivity. In addition to a higher surface runoff, subglacial discharge in the fjord could 
increase enhancing primary production during summer months. However also the timing of 
meltwater input can change. At present, glacial lakes are reported to drain during summer. The 
role of episodic glacial lake drainage on productivity has not been directly quantified but as they 
strongly amplify subglacial discharge they likely strongly enhance production (Kjeldsen et al., 
2014). However in Godthåbsfjord there is increasing evidence that these glacial lakes also start 
to drain during winter. When these large flushing events occur in winter, the resulting upwelling 
will not enhance large production as it does during summer. On longer time scale, accelerated 
mass loss could cause a switch from marine-terminating to land-terminating glaciers. 
Godthåbsfjord, for example, is characterized at present by three marine terminating glaciers. 
But based on bottom bathymetry data, we suspect that two of these glaciers (Narsap Sermia 
and Akugdlerssuup Sermia) are crawling on land. This switch from marine to land termination 
will induce strong changes in circulation pattern and absence of subglacial discharge will lead to 
decreased production during summer.  
 
In addition to the impact of glacial meltwater, changes in air and water temperature can also 
impact the carbon cycle in the fjord. A changing water temperature will impact the carbonate 
system. Per degree of warming, seawater pCO2 will increase by ∼4.1% (Millero, 1995) reducing 
the undersaturation and CO2 uptake. Monitoring data from Young Sound (North East 
Greenland) show a significant increase in surface pCO2 in last decade (Jensen, 2012). This 
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increase can be largely explained by increasing surface temperature which reduces the 
undersaturation of CO2.  
 
Temperature also plays an important regulatory role for biological process. Changes in water 
temperature can impact the balance between heterotrophy and autotrophy. The metabolic 
balance or net community production (NCP) refers to the difference between gross primary 
production (GPP) and community respiration (CR), where NCP = GPP - CR. Respiration is 
expected to increase faster than primary production in warmer waters which could decrease the 
CO2 sink as a a larger fraction of the organjc material is mineralized (López-Urrutia et al., 
2006). In Godthåbsfjord, an increased air temperature will however not necessarily lead to 
higher water temperature as increased calving can cool the surface layer. 
 
 
Figure 8.3: Retreat of the KNS terminus in Godthåbsfjord (Lea et al., 2014) 
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Future outlook 
Data from three years of field work in Godthåbsfjord, a sub-Arctic fjord system adjacent to the 
Greenland Ice Sheet, revealed a strong seasonality in carbon cycling following the strong 
seasonality in solar radiation, meltwater input, circulation patterns and atmospheric conditions. 
By linking chemical and biological oceanography to the physical drivers, this study has helped to 
improve our understanding on the drivers for biogeochemical cycling in the fjord but still only 
looked at the tip of the iceberg.  
 
It all starts with the physics 
 
In addition to the large seasonal cycle, the important physical drivers (winds, currents, tides, 
meltwater runoff) of biogeochemical cycling show a pronounced variability on an hourly, daily 
and weekly basis. Warm periods during summer for example enhance melting on the Greenland 
Ice Sheet and result in a dynamic meltwater runoff. The link between surface melting and 
subglacial discharge is as yet uncertain and of all meltwater fluxes, subglacial discharge is the 
least quantified. The strong dynamics in subglacial discharge however likely play an important 
role in productivity of the fjord. Similarly a lot of uncertainty remains on the calving of icebergs 
and especially their fate in the fjords. Movement of icebergs, for example through wind forcing 
and tides, can create upwelling (Stern et al., 2015). Icebergs consequently not only playing a 
role in the heat budget of the fjord but also on nutrient dynamics. A better understanding of the 
physical drivers as subglacial discharge, iceberg turbulence, wind forcing, will further increase 
our understanding of the biogeochemical cycling in Arctic fjords and how they respond to the 
projected climatic changes. This can be achieved by moorings or autonomous underwater 
vehicle (AUV) in addition to traditional transect studies allowing to map larger areas and to 
monitor changes on a smaller time scale. Due to relatively easy accessibility in Godthåbsfjord 
compared to many other fjord systems, we were able to establish some conceptual ideas on 
carbon cycling on fjord systems impacted by glacial meltwater. In addition to pursuing this 
monitoring work in Godthåbsfjord, other fjords in Greenland should be studied to assess if the 
patterns observed in this thesis are applicable to other fjord systems impacted by glacial melt.  
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In search of the missing carbon 
 
Chapter 5 shows that high primary production and input of glacial meltwater are the main drivers 
for a high CO2 uptake in the Godthåbsfjord system (Meire et al., 2015). However, as yet 
questions remain on the fate of this biological production and consequently on the carbon sink 
as addressed in Chapter 6 and 7. Sediment trap studies in Godthåbsfjord (and other 
Greenlandic fjords) reveal a higher export of organic material than produced by local primary 
production. This raises the question whether we underestimate primary production, 
overestimate sinking particulate carbon flux, or whether there is carbon advected from other 
regions in- or outside the fjord. A better quantification of productivity and the fate of it in 
Greenland’s fjords is definitely an important challenge to come. A first step would be to improve 
the sediment trap measurements. Moored rotating sediment traps would be able to sample 
continuously allowing for more accurate estimates of sedimentation. But it is also crucial to 
improve our estimate of primary production in these dynamics environments. The large input of 
suspended material, strong stratification and pronounced chlorophyll subsurface maxima 
phytoplankton create a heterogeneous environment with a complex light regime and 
dynamically responding primary production. To tackle these challenges, new approaches should 
be used that quantify primary production on a higher spatial and temporal scale. The frequency 
can be increased for example by the use of autonomous high-resolution O2 monitoring (Cox et 
al., 2015) and the use Fast Repetition Rate Fluorometry (FRRF) can allow rapid quantification of 
productivity on a large spatial scale (Hancke et al., 2015; Smith et al., 2013).  
 
Fjord systems show a complex interaction of different water masses (Glacial meltwater, 
freshwater input, tidal waves) (Mortensen et al., 2011) and in this way act as bio-reactors 
between land, ice and coastal ocean. Only by interdisciplinary research where the complex 
physical oceanography is linked to biogeochemistry, we can understand the dynamics in carbon 
cycling in this fascinating environment.  
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